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INTRODUCTION

The second International Conference of Low-Temperature Plasma Chemistry and
Technology in San Diego, California, was highlighted by the enlightening lecture of
Professor Herman F. Mark, who discoursed on the intriguing subject: ‘‘Research Proj-
ects for the Next Decade.” The speaker, widely known and revered as the ‘“Father of
Polymer Chemistry’’ and honored on this occasion of his ninetieth birthday, was hailed
by the chairman as one of the most decorated scientists of this century, recognized
worldwide for his brilliant discoveries during the last six decades and honored by presi-
dents and heads of state for his innovative genius and for the indelible marks he left as
a renowned educator. Although Herman Mark’s concept does not primarily apply to
reactions in a plasma environment, the reactive species found in such glow discharges
may well be ideally suited for many of Herman Mark’s scientific approaches.

As always, the presentation by this nonagenarian eminence was electrifying, de-
livered without using his prepared text and with an éclat unchanged from the time I
first observed and knew him thirty years ago. It was then that he became the quiet am-
bassador, travelling among the scientific communities of the world, spreading knowl-
edge and wisdom.

The papers presented during this conference disclosed, perhaps for the first time, the
deep penetration that low-temperature plasma technology has made worldwide and on
a broad spectrum of applications. They also evidenced the considerable commitment to
this technology, not only by countries known for their long record of scientific and
engineering advancement but also by countries which have more recently evolved high
technology, such as Poland, Czechoslovakia, Bulgaria, Hungary, Yugoslavia, Turkey,
Korea, and China.

Professor Chen Jie from the Changchun Institute of Applied Chemistry in Jilin,
People’s Republic of China, disclosed in his work on ESCA characterization of plasma-
deposited tetrafluoroethylene the structural model of the film formed in the glow
region showing the presence of CH,, —C—, CF (CHF), CF,, and CF, groups:
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viii Introduction

Professor Tolmachev from the Leningrad State University in the USSR dealt with
the ionization processes occurring from the collisions of metastable and resonant
helium atoms with metal and heavy noble gas species, as well as with the formation of
excited ions in Penning reactions. Using simple optical methods, the researchers
showed that it is the helium atoms, not the electrons, that are the direct donors of ex-
citation energy for the species.

Professor Lawless from the Carnegie-Mellon University in Pittsburgh described a
most interesting computer program designed to determine plasma-reaction rates by
estimating them using artificial intelligence concepts. In contrast to computer pro-
grams that merely recall reaction rates from tables, the estimates were derived from
basic parameters such as atomic masses, electronegativities, bond energies, etc.

Professor J. Amouroux, the distinguished scientist from the Pierre et Marie Curie
Université in Paris, outlined an original method of plasma polymerization at atmo-
spheric pressures, providing the economic advantages of operating a plasma system
without the need for vacuum equipment.

Another interesting and potentially significant development was reported by Pro-
fessor W. James from the University of Missouri in Rolla. Professor James effected the
synthesis of contiguous mirror-like thin zinc films from deposition of diethylzinc in a
glow discharge. The films proved to be virtually free from carbon and oxygen.

Also, a most intriguing theoretical approach was offered by Professor Yu. L. Khait
from the Ben Gurion University of the Negev in Israel. Dr. Khait presented a summary
of recent developments of a new kinetic ‘“Many-Body”’ theory of sputtering by low-
energy plasma species involving particles in the energy range ¢ = 1 to 10° eV. In this
context, the following observations have been made:

The most outstanding obstacle against a quantitative analysis of sputtering
phenomena was the virtually complete lack of sound knowledge about the motion of
low-energy (1-1000 eV) atomic particles in solids. Present improved understanding of
sputtering is not so much due to an (still not very substantial) improvement in the
knowledge of low-energy atomic motion, but rather due to the use of high-energy par-
ticle beams in sputtering.*

Professor Brosse from the Universite de Maine in LeMans, France, reviewed work on
surface modifications of natural and synthetic polymers in cold plasmas, such as com-
mercial polymers, elastomers, elastomer additives in sulfur dioxide, tetrafluoro-
methane and oxygen plasmas.

Another interesting paper was submitted by Protessor Inagaki from the Shizuoka
University in Japan. He discussed his work on glow-discharge polymerization of fluoro-
carbons, such as tetrafluoromethane, perfluoromethylcyclohexane and perfluorotol-
uene. Another outstanding work was reported by Professor Hamann from the Tech-
nische Hochschule Karl-Marx Stadt in East Germany. His contribution deals with
semiconducting glow-discharge polymerization films showing that polyconjugated
polymers, doped with iodine, display a rapid decrease in mass due to loss of iodine
when the temperature is raised. This is associated with a reduction in electrical conduc-
tivity. However, when phthalic acid dinitrile was used, the iodine-doped films remained
essentially stable upon being heated to 525 °C.

Professor Spangenberg from the Bulgarian Academy of Sciences submitted a paper
on important aspects of reactive ion etching of thin chromium photomasks. He and his
colleagues used a two-layer resist system consisting of a submicron thin silver halide
film deposited on a polyimide substrate, thus combining high resolution and sensitivity
to light and electron beams with the outstanding masking ability of the polyimide
layer during reactive ion etching. This scientist demonstrated that both the thermal
stability and masking efficiency against intensive RIE processes are three times

* Ascribed by Khait to Sigmund.
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greater when using this two-layer system, compared to what is observed in conven-
tional photoresists. He pointed out that the two-layer resist system comprising an
evaporated silver halide film and a masking polyimide sublayer represents a new alter-
native in RIE microstructures with micron and submicron dimensions.

Dr. Buerge, researcher from Switzerland, submitted a review on plasma polymer
coatings used in transmission optics. He pointed out that both chemical selectivity and
very low process temperatures are prerequisites of coating processes for the attain-
ment of high optical quality levels in transmission optics.

The distinguished scientist from Vienna, Professor Czeija, discussed the status of
development in the field of membranes for reverse-osmosis prepared in low-temperature
plasma, a subject which the audience greeted with considerable response.

Perspective was provided with the help of Professor Eckert’s magisterial account of
the one hundred year history of low-pressure induction plasmas. The distinguished
researcher from California moved from J.J. Thompson’s pioneering inquiries to recent
advances including his own models for determining electron densities and his experi-
ments with a current-preserving plasma transformer that used ferromagnetic cores.

Finally, the chairman reviewed in greater detail the effects of a plasma environment
on adhesive properties, showing that all phenomena related to adhesive properties,
such as the total decontamination of surfaces, drying, activation of the surface par-
ticles of materials via processes like the formation of radicals and ions, wettability, in-
troduction of polar moieties via ion implantation, grafting, surface molecular substitu-
tion, enhancement of the zeta potential of material surfaces, strengthening of weak
boundary layers via crosslinking (CASING) and applications of primers, are induced
and/or produced in a low-temperature plasma environment.

Herman V. Boenig
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M. GOLDMAN, Laboratoire de physique des Décharges, C.N.R.S., Ecole Superieure d’Elec-
tricite, Plateau du Moulon, 91190 Gif/Yvette

ABSTRACT

The authors compare polymerization mechanisms with different substrates and reagents.
Characteristics of polymeric films obtained from certain organic monomers at low pressure are
presented. By the use of ESCA and IR analysis, they determine the nature of chemical bonds
produced during these reactions with stress on the grafting of organic molecules to the sub-
strate. Surface energy and dielectric properties, esp. dielectric losses, permitted the measure-
ment of porosity of the deposited films. The nature of substrate (e.g., Si, NaCl) interferes directly
in polymerization or etching processes. Polymerization of C,H,F, at atmospheric pressure by a
corona discharge was carried out. By increasing the volume of the reactor and discharge power,
the rate of polymerization and fluorine content, increase, reach saturation level and decrease.
Pretreatment in hydrofluorocarbon 1,1 difluoroethylene gas at atmospheric pressure allows one
to modify the hydrophobicity and dielectric properties of materials like paper.

INTRODUCTION

THE FORMATION OF THIN POLYMER FILMS IN A LOW PRESSURE HIGH-FREQUENCY
glow discharge has been demonstrated for a wide variety of monomers and has been
discussed in several recent reviews.-9 This report describes first the characteristics of
the polymeric films obtained from different organic monomers at a low pressure and
secondly presents an original method of plasma polymerization® realised at an atmo-
spheric pressure, which provides the economic advantages of operating a plasma sys-
tem without the need for vacuum equipment or batch processing. Mono-crystalline sili-
con plates and the NaCl discs have been chosen as substrates in order to study the
mechanisms of low pressure polymerization in an atmosphere of CH, + CF, and C,H,F,.
As for the polymerization of the organic gas C,H,F, at an atmospheric pressure, the
polymeric substrates such as PET films and paper have been employed.
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1. EXPERIMENTAL APPARATUS

Low Pressure Installation

The schematic of the radio-frequency low pressure glow discharge apparatus is
shown in Figure 1. The reactor used was an electrodeless one. Power for the discharge
was supplied by a Tocco-stel generator operating at 40 MHz. The film was deposited
on substrates inserted in a hook-like sample holder (the location of the middle of the in-
duction coil was taken as the zero point of the distance and the samples were placed 10
cm away). The reactor was designed with four different gas inlets. The pressure of the
system was determined by a Divac-N gauge. Using this equipment, it was possible to
operate over the range of 0 to 120 cm*min at STP in flow rate and 10~ to 1 mbar. The
experiments were carried out either by injecting the fluorocarbons through the coil and
the methane laterally or vice versa.

High Pressure (Corona Discharge) Installation

For corona treatment a wire-cylinder corona discharge cell was used. It is placed in a
controlled atmosphere (shown in Figure 2). The cell volume is almost 1 lit*. The cylinder
is a stainless steel rotating roller (driven at 4 rev/min), 65 mm in diameter. It is covered
with a dielectric (insulating) material (PET film d =50 um) and connected to the
ground. The second electrode is a stainless steel wire (250 um in diameter and 10 ¢cm in
length) generating an AC corona discharge in a 1 atm gas flow of appropriate composi-
tion for polymerization. The gap between the electrodes is adjustable from 1 to 10 mm.
It should be emphasized that the time mentioned in the experiments is the duration of
the rotation of the cylinder and not the exposure time.

In order to characterize the physico-chemical properties of the thin organic film ob-
tained by the two installations, presented above, the following methods of analysis were
used: IR and ATR spectroscopy, ESR, ESCA, contact angle measurements and SEM.

- <)

generator vacuum
| pump

: valve

i f valve

: pressure gauge
: rotometer

‘gas inlet _

Figure 1. Schematic of the low pressure apparatus (glow discharge).
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Figure 2. Schematic of high pressure apparatus (corona discharge).

2. LOW PRESSURE PLASMA POLYMERIZATION

By using the classical technique of molecular activation by plasma radiofrequency
electrolysis, we have to point out the role of the excited molecule in the polymerization
process.

a. CH./CF, Mixtures

The plasma reactor permits us to realize the same gaseous composition with the
selective excitation of CH, or CF..

The target substrate (NaCl or Si) is located at 10 cm from the coil region.

The excitation of CH, molecules by the plasma, and the injection of CF, at the out-
side of the plasma zone gives us a hydrocarbon polymer which contains a low concen-
tration of fluorine (CF, CF,, etc.) radicals.®

The excitation of CF, molecules by the plasma, and the injection of CH, at the out-
side gives us a fluorocarbon polymer with a low concentration of CH, bonds (Figure 3).

TRANTMISSION B

e ) ~ - 7, 3 ’
00 N € §00 B33 50 40 -
ARl %
l; ) . |
frm— ] -

: total flow-rate= 76cm?mn
Wf< P=96 W
el t=10 mn
CFu CHu p=2mbar

45%  55%

Figure 3. Infra red spectroscopy of the film deposited at low pressure.
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Figure 4. Typical C1s ESCA spectrum for a film deposited on mono-crystalline silicon plates from a CH,/CF, mix-
ture.

This experimental data demonstrates clearly the role of the excited species in pro-
ducing the polymers.

The radicals and the excited species produced by the plasma react easily and poly-
merize on the surface of the substrate.

However, in the case of silicone wafers, the formation of fluorocarbon polymer after a
few minutes of treatment disappears to produce volatile molecules by reacting with the
substrate and the fluorocarbon film. Thus the form of the C,, portion of the ESCA anal-
ysis obtained were symmetrical showing a structure which contained mainly the
—CH,— groups (Figure 4).789

The plasma produces volatile compounds such as SiF,, SiF,, etc., and in this way the
silicon is etched. The extent of the plasma polymerization or etching which takes place
on the silicon plates varies with the different experimental parameters.!? The nature
of the substrate and the nature of the excited molecule play an important role in the
physicochemical processes in the plasma and on the polymeric structure obtained.

Monomer: C,H,F,

The 1,1 difluoroethylene polymerizes easily with a rate of deposition in the order of
0.6 mg/cm?min on mono-crystalline plates. Contrary to the first mixture, where the C,,
peak of the ESCA analysis consisted of a single peak, by the decomposition of the C,,
peak of the polymeric film obtained it has been possible to identify four Gaussian peaks
located at 292.0, 289.3, 287.4 and 285.0 eV (Figure 5). These peaks can be assigned to
CF,, CF, C-([) and CH, groups respectively.® It can be pointed out also that at higher

F
powers the fluorine content of the polymer decreases due to the destruction of the
intermediate oligomers and the elimination of the fluorine atoms in the form of volatile
CF, and CF and HF components.

The polymer deposition rate in glow discharge polymerization of C,H,F, is presented
in Figure 6 as a function of the applied power. This distribution curve represents a max-
imum probably due to a competition between the deposition of the polymer and its
ablation at higher power (P > 50 W).
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Figure 5. Decomposed C1s ESCA spectrum for a film deposited on silicon plates from the monomer C,H,F,.

The film prepared by the plasma polymerization of C,H,F, on the monocrystalline
silicon was found by ESR to contain a considerable concentration of free radicals and

oo cpr e H
CH,F

P-80W
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293 291 289 287 285
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consisted of a single symmetrical line approximately 15 G wide (Figure 7).

The peak obtained is similar to that observed by Yasuda for the same monomer
(C.H,F,)" and can be assigned. to the polyene-type radicals with long conjugational

length, very stable, trapped in the polymeric structure bearing the form:

\'
(g/mzmnc} *

p=0.5 mbar
t=Tmn
.-
.-
Py S
- Si
cz”z'z?d—
ar «/ 5l4em~/mn
) %0 150 200
Power (W)

Figure 6. Polymer growth as a function of the power.
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Figure 7. ESR spectra of a film deposited on silicon plates from C,H,F, monomer.
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It has been found that at higher powers, the ESR peak of the polymeric film obtained
presents a peak similar to that observed above (at P =96 W) but also another single
narrow (AH = 4 G) line. For the appearance of the narrow peak the following hypothesis
can be proposed.

1) At higher powers another type of polymer is formed with a smaller fluorine con-
tent (the larger the fluorine atom content of the radical, the larger the line width
observed by ESR due to the large coupling constant of fluorine atoms). This is in agree-
ment with the results obtained with the other methods of analysis (ESCA, polymer
growth).

2)However, there is another hypothesis which is that due to a nonhomogeneous dis-
tribution of the radicals in the form of clusters at higher powers we can point out a nar-
rowing of the peaks (Heisenberg exchange). This hypothesis however is less probable,
because in all of the cases the radical concentration is not very important (a high gain
has been utilized) and that in this case we should have seen only one narrow peak).

The rate of polymer growth shows a maximum and then decreases at high powers
(P > 50 W), showing in this way the competition between the polymer deposition and
the polymer or monomer ablation.

3. HIGH PRESSURE CORONA DISCHARGE POLYMERIZATION

Material: The PET films and the rolls of paper were treated in a corona discharge of a
controlled atmosphere of the 1,1 difluoroethylene (C,H.F,) gas. Our PET is a Terphane
type (deposited trade mark: Rhone Poulenc Industries) 50 um thick. Our paper roll con-
sists of a non-impregnated paper (supplied by the Centre Technique de Papier) 100 um
thick (Figure 2).

The purpose of this work is to form a thin polymeric layer on the substrates in order
to decrease the wettability and to improve their dielectric properties.

Between the different parameters of action, which play an important role in the poly-
merization of C,H,F, gas at an atmospheric pressure, electrical discharge parameters
such as the current intensity and the interelectrode distance have been studied.
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Figure 8. F/C and O/C ratio obtained by ESCA analysis in function of the interelectrode gap.

a. Interelectrode Distance

Figures 8 and 9 show the F/C and O/C ratios obtained by ESCA analysis for the PET
films and the paper sheets respectively at different interelectrode distances. We can
point out a maximum of the F/C ratio at an interelectrode gap d = 3 mm for both of the
substrates. The O/C ratio also decreases slightly because of the hydrofluorocarbon
polymer layer deposited on the substrate.

The superposition of the C,, portion of a typical ESCA spectrum of the pretreated
substrate on that of the non-pretreated one is illustrated in Figures 10 and 11 for PET
and paper respectively. By examining these Figures we can identify new chemical
bonds at 228 * 0.3, 289.6 + 0.2 and 291.6 eV that can be assigned to C-(F, CF and CF,

groups respectively. F

The surface free energy (calculated by means of the measure of the contact angle of a
drop of liquid laid on the surface of the pretreated substrates) decreases extremely
with respect to that of the non pretreated substrate and illustrates a minimum for the
two substrates (PET and paper) at the same inter electrode distance d = 3 mm where
the ratio F/C had been maximum (Figures 12 and 13).

substrate: nonimpregnated

F7Cy BADAE $o/c
1= 200/lA
t=Tmn 3
1 flow-rate=117cm~/mn
< gas:C2H2F2
» 0,5
-1
i 40.25
b2
B 3T ¢ 0
d(mm)

Figure 9. F/C and O/C ratios obtained by ESCA analysis as a function of the interelectrode gap.
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Figure 10. Superposition of the C,; spectra of a pretreated PET film on a nonpretreated one. (ESCA analysis.)
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Figure 11. ESCA analysis of the carbon peaks for a pretreated sheet of paper and a nonpretreated one.
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Figure 12. Surface free energy of PET film as a function of the interelectrode gap.



