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Preface 

Plasma polymerization is a new material preparation process and is not a kind 
of polymerization. The materials formed by plasma polymerization are vastly 
different from conventional polymers and constitute a new kind of material. 
Plasma polymerization has been dealt with, however, as an extension of polymeri­
zation from the academic viewpoint and as a new technology to prepare thin films 
from a practical viewpoint. There seems to be a great conceptual gap between 
these two approaches , which hampers true understanding of plasma polymeriza­
tion and thorough utilization of the technology. This book is intended to bridge 
the gap so that the significance of plasma polymerization in materials science and 
technology can be recognized and its merit fully utilized in the modem technolo­
gies concerned with materials. 

Plasma polymerization covers a wide interdisciplinary area of physics, chemis­
try, interfaces, materials, and so on. Scientists and engineers in different dis­
ciplines have contributed to advance the knowledge on plasma polymerization, 
but without thorough understanding of aspects involved in disciplines other than 
their own. Consequently, the interpretation of phenomena has been largely 
dictated by the disciplinary background of the investigator, and the very process 
of forming polymeric materials has been left more or less as a black box. 
Although this black box is a major subject of this book, it is also intended to cover 
fundamental knowledge in different subject areas necessary to grasp plasma 

, polymerization overall. The major topics covered are gas-phase kinetics (Chapter 
3), ionization of gases (Chapter 4), fundamentals of polymerization (Chapter 5), 
mechanism of polymer formation in plasma (Chapter 6), competitive aspects of 
polymer formation and ablation (Chapter 7), mechanism of polymer deposition 
(Chapter 8), operational factors of plasma polymerization (Chapter 9) , general 
characteristics of plasma polymers (Chapter 10), and electrical properties of 

plasma polymers (Chapter 11). 
Plasma polymerization is a highly system dependent process. Therefore, 

. without comprehension of this aspect,, interpretation of experime~tal data_ does 
not go beyond the boundary of experimental conditions empl?ye~ _ in a p~rt1cular 
experiment, and the generalization of findings may not be JUSt1f1ed or 1s often 
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. I d' The 1· nterpretations presented in this book are strictly on the basis of 
mis ea mg. . . f 1· · · · 
h h 

, • The chronological c1tat1on o 1terature 1s 1ntentionalJ 
t e aut or s view. . . . y 
avoided. Instead, the author took the liberty of mterpreting all data_in a consistent 
manner in order to avoid accumulating sporadic and noncoherent 1nfonnation. 

Plasma polymerization is an ultra-thin-film pr?cessing techn_o~ogy and covers 
very important subject areas that can be recogmzed as com?ns1ng the vacuum 
deposition of covalently bonded materials. Some of these subject areas have been 
dealt with under terms such as chemical vapor deposition, plasma-assisted chemi­
cal vapor deposition , and so on, in most cases dealing with formation of inorganic 
materials . Principles described in this book doubtless will be applicable to these 
relatively new processes. It is the author's view that these new processes and 
plasma polymerization will emerge as an integrated technology that will 
penetrate much deeper, over a wider area of materials science, than they would if 
exploited separately. The author hopes that this book will contribute to the con­
ceptual background for this new group of materials and the processes by which 
they are prepared. 

T~e. author wish~s to ac~owledge all his colleagues in this subject area for 
providmg valuabl~ mformatton. Special thanks are due to my family, my wife 
Ger~a and ~y chtldren Ken, Akira, and Lisbeth, for their understanding and 
sacnfice, which made the preparation of this book possible. 
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CHAPTER I 

Introduction 

Plasma polymerization refers to the formation of polymeric materials under 
the influence of plasma (partially ionized gas). Because the most practical 
means of carrying out plasma polymerization involves the use of an electric 
glow discharge in a vacuum, the term glow discharge polymerization has been 
used, in every practical sense, synonymously with plasma polymerization, 
although plasma polymerization can be carried out by means other than glow 
discharge. 

It was known for many years that some organic compounds form solid 
deposits in plasma generated by some kind of electrical discharge (1 - 9). In 
most cases, however, the deposits were recognized as by-products of 
phenomena associated with electric discharge; consequently, little attention 
was paid either to the properties of these materials (undesirable by-products) 
or to the process as a means of forming useful materials. 

At these early stages of discovery, the concept of polymers was not well 
developed, and obviously these processes had never been considered to be 
polymerization, that is, plasma polymerization or glow discharge poly­
merization. Only since the 1960s has the formation of materials in plasma been 
recognized as a means of synthesizing polymers, and the process, when used to 
make a special coating on metals, has been referred to as plasma poly­
merization or glow discharge polymerization (.10- 14). 

Following the advancement of polymer science, the formation of organic 
solids or films in plasma has attracted considerable attention, and the process 
has been generally recognized as plasma polymerization or glow discharge 
polymerization. The American Chemical Society has held symposiums (1970, 
1974, 1978, and 1982) on this subject. 

In these developments (i.e., up to the 1970s), however, the concept of plasma 
polymerization has been based on the application of the concept of 
polymerization and/or of polymers developed in preceding decades to the 
formation of organic material under plasma conditions. In other words, the 
process has attracted the attention of scientists and engineers as an exotic 
method of polymerization. Although a great number of research studies have 
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1. INTRODUCTION 

2 ' 
. 1 pplications and the uniqueness of 

. d rous potent1a a b" been pubhshed an nume b demonstrated, the su ~ect has not 
· cess have een • 

the polymer format1?n. pro new subject area of polymer science. This is 
drawn much academic interest as a . ue and advantageous feature (in 
due largely to the fact that ~he _ver\ :iq infusible polymers has hampered 
certain applications) of forming inso u e, 

1 1 t th molecular eve · 
the basic study of the process a e t· n of whether the concepts of 

I t s however the ques 10 
n more recen year , . . ' lied to plasma-formed materials 

Polymers and of polymenzation can be app . d (15) Th 
· · t· 1 has been reexamine . e and to plasma polymenzation, respec ive Y, . d h 1 

1 · t' today 1s base on t e mo ecu ar well-recognized concept of polymenza ion 
processes by which the size of molecules increase~. The arr~ngement. of the 
atoms that constitute the molecules of a monomer 1s ac~o~phshed dunng the 
organic synthesis of the monomer. During the polymenzation of a monomer, 
rearrangement of atoms within the molecule seldom occur~. . 

In contrast to such molecular processes, polymer formation tn plasma has 
been recognized as an atomic (nonmolecular) process (15). If one adopted such 
an atomic process to form materials in which the reaction of new covalent 
bonds between atoms played a predominant role, one could find numerous 
new processes and resulting materials that would play vitally important roles 
in modern technologies. The processes recognized as chemical vapor deposi­
tion, plasma chemical vapor deposition, ion-assisted vapor deposition, and 
sputter coating of polymers all fall into this category. 

Plasma polymerization was dealt with in the 1960s and 1970s as a method of 
polymerization. Although some important differences in polymer formation 
mechanisms and the properties of resultant polymers were recognized, the 
underlying concept was an extension of the concepts of polymerization and 
polymers developed with conventional polymers. Consequently, the underly­
ing concept was represented, for example, by the preparation of a thin layer of 
polystyrene by the plasma polymerization of styrene or the preparation of a 
thin layer of polytetrafluoroethylene by the plasma polymerization of tetra­
fluoroethylene. In other words, plasma polymerization was conceived as a 
new and exotic method of polymerization. 

Plasma polymerization today is gaining recognition as an important 
process for the formation of entirely new kinds of materials. The materials 
obta!ned by plasma polymerization are significantly different from con­
ven~1onal polymers _and are also different from most inorganic m~terials. Thus, 
pla~~ polymers he some_w~:re between organic polymers and inorganic 
matenals. Plasma polymenzat1on should be considered a method of forming 
sucn new types of materials rather than a method of preparing conventional 
polrmers. Co~sequently, th~ term plasma polymerization should not be limited 
~o the formatI~n o~ organ1~ materials but should cover a wider area that 
includes me!alhc or 1norgan1c elements, although the major portion of studies 
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covered in this volume involve the formation of polymeric materials from 
organic compounds. 

To take full advantage of the new kinds of materials recognized as plasma 
polymers and of the process by which they are made, it is important to 
recognize that we are not dealing with conventional polymers and poly­
merization in the strict sense, although these terms are used. Therefore, 
considerable effort is spent comparing plasma polymerization with con­
ventional polymerization. 
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~~ CHAPTER 2 

Scope of Polymer Formation 
by Plasma Polymerization 

2.1 Preferred Form of Plasma Polymers 
Historically, polymers formed under plasma condi~ions we~e recog~ized as 

an insoluble deposit that provided nothing but difficulty m cleaning the 
apparatus. This undesirable deposit, however, had extremely important 
characteristics that are sought after in the modern technology of coatings, that 
is, (1) excellent adhesion to substrate materials and (2) strong resistance to 
most chemicals. 

Awareness of the fact that such material could be utilized as an excellent 
coating led to the exploitation of the technical method recognized today as 
plasma polymerization. The undesirable deposit formed in certain electric 
discharge processes was essentially converted to an excellent coating by 
controlling the deposition such that it occurred on an appropriate substrate in 
plasma polymerization. This situation provides an excellent illustration of the 
uniqueness of the preferred form of plasma polymers. 

To appreciate the uniqueness of plasma polymerization, it is useful to 
compare the steps necessary to obtain a good coating by a conventional 
coating process and by plasma polymerization. If one wants to coat a certain 
substrate with a conventional polymer, at least several steps are required: 
(1) synthesis of a monomer, (2) polymerization of the monomer to form a poly­
mer or intermediate polymer to be further processed in a succeeding step, 
(3) preparation of coating solution, (4) cleaning and/ or conditioning of the 
substrate surface by application of primer or coupling agent, (5) application of 
the coating, ( 6) drying of the coating, and (7) curing of the coating. 

In coating by plasma polymerization, in contrast, all these functional steps 
are replaced by an essentially one-step process starting from a relatively 
simple gas that often is not considered a monomer for polymerization. 

Polymers formed by plasma polymerization aimed at such a coating are 
in most cases highly branched and highly cross-linked. Such polymers are 
characteristically formed during plasma polymerization, although low molec-

4 
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2.2. PLASMA-STATE VERSUS PLASMA-INDUCED POLYMERIZATION 5 

ular weight materials that are soluble in various solvents and noncohe­
sive powders can also be formed (1). 

Chemical reactions that occur under plasma conditions are generally very 
complex (2- 4) and consequently are nonspecific in nature. Such reactions are 
of merit when special excited states of molecules are required as intermediate 
states and cannot be achieved, or can be achieved only with great difficulty, by 
conventional chemical reactions. Thus, plasma polymerization should be rec­
ognized as a special means of preparing unique polymers that cannot be made 
by other methods rather than as a special way of polymerizing monomers._ 

In this context, the most important forms of plasma polymers are ultrathin 
films. The characteristics of ultrathin films require special attention. Many 
bulk properties of a polymer film, such as permeability, electric volume 
resistivity, and dielectric constant, may be considered material constants. In all 
characteristic material constants, a thickness factor is included, and therefore 
these parameters do not change as the thickness of the film varies. This is true 
for a film as long as its thickness is above a certain critical value, that is, 0.05-
0.1 µm, depending on parameters under consideration. As the thickness of the 
film decreases below the critical value, the constancy of such parameters is no 
longer observed, probably due to the increased contribution of flaws to the 
total film, which progressively increases as the thickness of the film decreases. 

From the technical point of view, it is very difficult to prepare a flawless film 
with thickness below the critical value. With certain polymers that have 
exceptionally good film-forming characteristics, such as cellulose acetate, 
ultrathin films of such thickness as "monolayer" can be prepared by special 
techniques such as the spreading of a dilute solution of polymer on a water 
surface. However, it is extremely difficult to utilize such an ultrathin film in a 
practical manner, and the technique cannot be applied to any kind of polymer; 
that is, the method is highly dependent on the film-forming characteristics of 
polymers. 

Thus, the capability of plasma polymerization to form an ultrathin film 
containing a minimal amount of flaws, if not completely flawless, is unique 
and is a valuable asset. Many important and useful chemical reactions that 
occur under plasma conditions but do not yield plasma polymers in this 
preferred form are not major subjects of this book. Discussions of such 
reactions can be found in general plasma chemistry texts. 

2.2 Plasma-State Polymerization versus 
Plasma-Induced Polymerization 

Plasma, which contains ions, excited molecules, and energetic photons, can 
be utilized in the general polymerization of or_ganic monomers in a number of 
ways. In the polymerization of a monomer plasma can be considered a kind of 
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6 2_ SCOPE OF POLYMER FORMATION 

"radiation" source. However, in such applications plasma contacts monomer 
in either the solid or the liquid phase directly, and conseque~tly _the transfer ~f 
some excited species from the plasma phase to eithe~ the hqutd or the .sohd 
monomer phase takes place. This is a significa_nt difference from ordinary 
radiation polymerization, in which only energy ts trans~erred to a monomer 
phase to create reactive species, such as ions or free radic~l ~f the m?n~mer. 

An important aspect of plasma initiation of monome~ hquid or sohd is. that 
the formation of polymerization chain-carrying specie~ (e.g., free ra~icals, 
cations, or anions) and the propagation of polymer chat~s t~ke place 1n the 
different phases, whereas in most radiation polymenzat1on, these two 
reactions occur in the same phase. . / 

The principles of plasma-initiated polymerization have been apphed to the 
polymerization of liquid and solid monomers by the insertion of a sealed 
ampule between a pait.of parallel-plate electrodes connected to a 13.56-MHz 
radio frequency power source (5-9). Polymers with extremely high molecular 
weight have been formed from some monomers. The formation of polymer 
film at the interface of monomer and vapor in a sealed ampule was observed 
when a leak detector (Tesla coil) was used to check for pinholes in the seal 
(JO, 1 I). In this case, plasma created in the vapor phase in the sealed reac­
tion tube by the Tesla coil initiated the polymerization to yield the film at 
the interface. 

Free radicals formed on the surface of polymers and other solid materials 
exposed to plasma can be utilized to initiate graft polymerization .in a manner 
that is similar to preirradiation grafting (12, 13). Free radicals formed on 
polyethylene and polypropylene by plasma were utilized to obtain grafts of 
vinyl polymers by (1) the direct addition of degassed monomer in a vacuum 
and (2) the formation of peroxide followed by heating in the presence of 
degassed monomer. 

In all of these examples, polymers are formed by plasma-induced poly­
merization, and the essential chemical reaction is believed to be the con­
ventional molecular polymerization that occurs without the influence of 
p~as_ma .. Although plasma is utilized in these polymerizations, they are 
disttnguishe~ .from plas~a-state polymerizations, which occur only under 
plasma .conditions, that is, vapor phase in the plasma state. 
. Wherea_s plasma-stat~ polymerization is limited to the vapor phase and the 
i~t~rface 1~ c~ntact w~th plasma, plasma-induced polymerization is not 
hmited to hqu1d- or sohd-phase polymerization. When conventional mono­
mers such as vinyl com~ounds are used in plasma polymerization, both 
plasma-state and plasma-induced ~olymerizations can occur simultaneously. 
The extent to which eac_h ~echan1sm occurs is dependent on the conditions 
of the plasma poly~enzatton. The details of this aspect are discussed in 
Chapter 6, dealing with mechanisms of polymer formation. 
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F. 6 42 ESCA c peaks of glow discharge polymers of tetrafluoroethylene in the same 
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reactor shown in Fig. 6.41, but at the higher discharge power level of 7.7 x 10 J/ kg. Adapted 

from Yasuda (33). 

6.8 Atomic (Nonmolecular) Nature 
of Plasma Polymerization 

The plasma polymerization so far discussed is characterized by (1) the 
extensive fragmentation and/or rearrangement of a structural moiety or 
atoms in the starting material and (2) simultaneously occuring reactions 
involving many kinds of chemical species. 

These phenomena are seldom found in conventional polymerizations, 
which can be recognized as molecular reactions. In other words, in con­
ventional polymerizations, molecules of monomers are linked together with a 
minimum alteration of chemical structure of the monomer and the structure 
of a polymer can be well predicted from the structure of' the monomer. In 

P2i Ltd. Ex. 2002 
Favored Tech. Corp. v. P2i Ltd., IPR2020-01198 

Page 11 of 22



► 

o~HC NATURE OF PLASMA POLYMERIZATION 
6.8. t,..T 

300 290 

tV 

Glow 

300 

167 

280 

tV 

F.ig. 6.43 ESCA C1s peaks of glow discharge polymers of tetrafluoroethylene prepared in a 
reactor shown in the inset: (C) at the end of the glow region; (D) at the end of the tube in the 
nonglow region. Adapted from Yasuda (33). 

contrast, the structure of a polymer formed by plasma polymerization cannot 
be predicted in this way. Perhaps the only sure prediction one could make 
would concern the elements constituting the polymer and, to a lesser extent, 
the elemental ratios. 

This situation becomes clearer once we recognize the fact that plasma 
polymerization is not a regular "molecular polymerization." Such a "non­
molecular polymerization" can be expressed by the term atomic poly­
merization. The word atomic might be misleading in a general sense; however, 
insofar as we are discussing the growth mechanisms of polymer forn1ation, 
perhaps atomic polymerization is the most adequate and accurate expression 
of what is occurring in plasma polymerization. 
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In a molecular polymerization, the arrangement of atoms to form a special 
molecule of monomer is carried out in the organic synthesis of the monomer, 
and the rearrangement of atoms and chemical ligands seldom occurs during 
the process of polymerization. Therefore, the two independent chemical 
reactions- the synthesis of monomer structure and the polymerization-can 
be clearly distinguished. In "atomic" polymerization, the structures prepared 
during monomer synthesis may be largely destroyed: on the other hand, 
polymers may be formed from simple molecules such as CH4 and CS2 that are 
not the monomers of conventional polymerizations. 

"Atomic" polymerization does not imply that the deposition of atoms is a 
process of plasma polymer formation similar to the formation of a film of 
metal in the sputter-coating process. It simply means that the building blocks 
are no lo~ge~ mo_lecules. After all, one of the most important aspects of plasma 
polymerization tn comparison with other film deposition processes is the 
formation of covalently bonded materials. In the process of forming 
covalently bonded ~~terials, conventional (molecular) polymerization uses 
molecules _as the building blocks, but in plasma polymerization this is not the 
~ase. In this ,~ay, g_raphitic or diamondlike carbon films can be prepared froJll 

enzene by atomic" polymerization. 
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The atomic aspect of plasma polymerization is evident in the incorporation 
of nonpolymerizable gases such as CO, H20 , and N 2 discussed in Section 6.5. 
Namely, these gases are incorporated into the polymer structure not as 
molecules, but as atoms (from a gas). The ionization characteristics of a gas 
determine its plasma copolymerization characteristics. The important aspect 
is that active species created by the ionization of a gas do participate in the 
polymer-forming reactio~s. 

Because of the atomic nature of the growth mechanism of polymer 
formation, plasma polymerization is highly system dependent. The frag­
mentation of molecules of a starting material or the rearrangment of 
molecular structure as visualized by diagnostic data based on the fragmenta­
tion products depends on the structure of the starting material and the 
conditions of plasma polymerization. Therefore, the selection of a monomer 
for an expected polymer requires a knowledge of the plasma polymerization 
conditions and of the atomic nature of the process under the conditions. This 
situation can be illustrated by the plasma polymerization of tetraflu­
oroethylene versus that of hexafluoroethane in the presence of H 2 gas. The 
details of this comparison are presented in Chapter 7, where ablation in 
plasma and the competitive nature of ablation and polymer formation are 
discussed. 

As far as the importance of the atomic nature of plasma polymerization and 
its significance in the selection of monomer are concerned, the fact that 
essentially the same polymer can be formed from tetrafluoroethylene and from 
hexafluoroethane under certain conditions of plasma polymerization should 
be recognized. There is a significant difference in the costs of these monomers. 
Under certain conditions, however, the precious structure, C= C, contributes 
little to the overall polymer formation mechanism and the results of IR and 
ESCA indicate that the polymers are almost identical. 

The extent of "atomic" polymerization that takes place in a particular set of 
plasma polymerizations is dependent on parameters specific to the reactor; 
perhaps the most important factor is the energy input level manifested by 
W/FM, that is, energy input per mass of monomer given in joules per 
kilogram. Because of the difficulty of determining the effective flow rate in a 
reactor, the value of W/ FM contains some degree of uncertainty; within a 
given reactor, however, the value of W/ FM can be used as the major 
parameter of plasma polymerization. 

It is important to note that plasma polymerization manifested by polymer 
deposition rates for various kinds of monomers (carried out in the same 
reactor) can be reduced to the master relationship (35) shown in Fig. 6.45, 
where the deposition rate is expressed by polymer deposition rate divided 
by monomer mass flow rate, and the energy input is expressed by W / FM. 
In the figure, 16 different monomers from four different groups (each group 
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containing different atoms, e.g., carbon, sulfur, fluorine, and silicon are 
compared. The deposition rate/mass flow rate represen~s the value pro­
portional to the conversion yield of monomer to polymer 1~ the_ system. The 
following aspects are important, as far as the growth mechanism ts concerned, 
for the contribution of "atomic" polymerization: 

1. Despite orders of magnitude differences among deposition rates of 
monomers at various discharge conditions, the data plotted in this 
manner show rather small differences among monomers, indicating that 
all monomers polymerize, by and large, in a similar fashion. 

2. There is a clear difference between hydrocarbons and other types of 
monomers investigated, indicating that the type of atoms contained 
in the monomer structure plays an important role in plasma 
polymerization. 

3. rhe differences among monomers within a group, such as hydrocarbons, 
are great_er _a~ a lower energy input level (W/FM), but these differences 
ten~ to diminish as the valne of W/ FM increases and at very high W/FM 
regions_, all monomers polymerize in an almost' identical manner. (This 
aslpec)t is·not clearly seen in Fig. 6.45 due to the compressed scale of the 
Pot. 

The fact that we can mak h · (on 
has several importa t . ~ ~uc a master diagram for plasma polymenza 1 

n imp ications for the growth mechanism of polymer 
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r: rrnation in plasma. First, if plasma polymer· t· . 
10 • . . 1za ion occurred mainly by true 
.,,olecular polymenzation, which depends on the h . 

1 
. . 

,,. . • d · c em1ca reactivity, con-
densab1hty, a sorption, and other characteristics of th h 

d' am would be b d h e monomer, sue a 
master iagr . eyon t e realm of scientific expectation. Second 

1. n the region where plasma polym · · • . . ' 
even · enzatton 1s considered least atomic or 
most molecular, t_he ~ol~mer deposition rate is determined largely by the mass 
of monomer, ~htch 1nd1cates that the characteristic rate by which monomer 
molecules are hn~ed together (to form a polymer) is almost independent of the 
chemical properties of monomer. 

Another "ato~ic" feature of plasma polymerization is evident from the 
plasma codepositlon of more than one monomer. In conventional molecular 
polymerizatio~, copolymerization is governed by the monomer reactivity 
ratio, and a mixture of monomer A and monomer B in a 1: 1 ratio does not 
produce a 1: 1 copolymer of A and B, except in the special case of azeotropic 
copolymerization. This is due to the facts that the reactivities of two monomers 
differ depending on the chemical structures and that polymerization is very 
specific to the monomer structure and to the chain-carrying species. In 
contrast, the plasma polymerization of a mixture of two monomers nearly 
always yields polymers corresponding to azeotropic copolymerization, in­
dicating the absence of specificity of monomers toward plasma poly­
merization. Because of this, plasma codeposition rather than plasma 
copolymerization was used to describe the plasma polymerization of more 
than one monomer when the plasma copolymerization of nonpolymerizable 
gases was discussed earlier (Section 6.5). 

As the extent of the atomic nature of polymerization increases, the extent of 
fragmentation of the starting material becomes greater, and this straightfor­
ward dependence on the mass is less evident. However, in the extreme case of 
maximum atomic polymerization (in the context discussed in this chapter), the 
deposition of material is governed by the feed-in rate of atoms that form the 
backbone or constituent network of material (deposit), and the generalized 
relationship becomes evident again. 

Thus, one cannot discuss plasma polymerization, particularly the poly­
merization mechanism in general terms without specifying the domain of 
plasma polymerization,conditions which is discussed in detail in Chapter 9. In 
conjunction with the major domains of plasma polymerization ~~nditions, we 
must also pay attention to the location of the polymer d~po~1tlon. Because 
there is a very important factor involved in plasma ~oly~enzat1on that ca~?ot 
be separated from the deposition aspect, detaile~ d1scu~sions of the ~eposit1on 
mechanisms are presented in Chapter 8. In this section, only an important 
aspect relevant to the growth mechanism is pointed out. 

The polymer formation that takes place at or near the electrode surface ca_n 
be significantly different from that in the rest of the glow. An example of this 
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. omparison of a polymer deposited on the 1 
aspect can be see~:n o:i~ed on a substrate suspended in the plasnta ectrode 
~;g: ;;,ds;;~ra ~f polymers obtai~ed _by the plasma polymerizatj~:ase, 

h 1 (J6) are compared 1n Fig. 6.46. From the figure it . of 
te~~afluo~o~t t:e e;~lymer formation at the electrode surface and ;ha:s. quite 
ev1 I ent thase could be significantly different. The important point here .1n the 
p asma p a 1 d • d 1s th 
these differences (i.e., the properties of po ymers epos1te onto substrates at 
different locations within a reactor and/or onto the electrode surface etc) at 
due to the deposition mechanism rather than the growth mech~nis · are 

· · t t d a 1 · Ill of polymerization. Therefore, it 1s pre
1
~a. urde O r fw a c~nc us1ve picture of 

Plasma polymerization based on a 1nute case o expenmental condit' 
. . d . h li tons Apparently, contradictory findings reporte 1n t e terature could often b · 

attributed to this point. e 
The atomic nature of plasma polymerization can also be seen i 

comparison of the properties of. plasma polymers of tetrafluoroethyi° a 
and of hexafluoroethane. With a double bond in the monomer, F iC=c;ne 
the formation of a new C-C bond without the detachment of fluo • 2' 

(molecular polymerization) is possible, whereas plasma polymerizatio rin; 
hexa:fluoroethane cannot proceed without the detachment of fluorine at:;s 

293.6 291.7 

(a) 

i----. 
2 eV 

Fig. 6.46 ESCA C (b) 

284.6 
I 

deposited on the electr ts spectra of plasma ol 
Adapted from Moro ;de surface; (b) polyrnerpd Ym~rs of tetrafluoroethylene. (a) Polymer 

so et al. (36). epostted on a substrate suspended in plasma. 

P2i Ltd. Ex. 2002 
Favored Tech. Corp. v. P2i Ltd., IPR2020-01198 

Page 17 of 22



p..TOMIC NATURE OF PLASMA POLYMERIZATIO 
~ N 173 

the monomer. However because f · 
froill . . ' 0 simultaneous "atomic" poly-. t·on which occurs 1n the ]Plasma p 1 · . 
meriza 

1 
' . . . . 0 Ymenzation of tetrafluoroethylene 

and increase~ with ~ncreasing energy input, the contribution of the olefinic 
double bond is relatively small, as evidenced by the IR spectra of the polymers 
(J7, 38). Infrared an? ESCA spectra of the plasma polymers of hexaflu­
oroethane prepared in the presence of H2 (H2/C2F 6 = 1.0) are essentially 
•dentical to those of the plasma polymer of tetrafluoroethylene polymerized 
~oder conditions of low W/F M (see Figs. 6.47 and 6.48), Furthermore, IR and 
ESCA data for !he plasma ~olym~r of tetrafluoroethylene polymerized under 
conditions of h1_gh ~/FM, 1n which "atomic" polymerization dominates, are 
again virtually 1dent1cal to those for the plasma polymerization of hexaflu­
oroethane (without H2), 

Acetylene has been considered a main precursor of plasma polymerization 
by many investigators because of its relatively high rate of polymer deposition 
and its abundant presence in plasma of hydrocarbons based on plasma 
diagnostic data. (The precursor concept of the first category discu~sed_ in 
Section 6.6 relies on the intuitive assumption that plasma polymenzat1on 
proceeds via the chain-growth polymerization of the d~uble or triple bond.) If 
we recognize the difference in the mass of the starting materials and the 

E 
<II 
C 
m 

F r 
I 
I 
I 
I 
I ,., 

I I 
I f 

'•' .. 
3000 

,--

- -- ------, _,--
\ I \ I 
I / 'J 
1j 

1400 1200 1000 
wavenumber (cm-3 l 

CH plasma 
4 

polymer 

800 600 500 

. ol mers prepared under various H 2/C2F 6 
Fig. 6.47 Infrared spectra of vanous plasma! p ryi·zation for reference: 30 W; F(C2F 6) = 
· CH plasma po yme ratto conditions and also from 4 M ka and Yasuda (37). 

0.93 cm3 /min; H2/C2F 6 = 0. Adapted from asuo 
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1000 800 
-1 Wavenumber (cm ) 
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Fig. 6.48 Infrared spectra of plasma-treated sodium chloride powder under various wattage 
conditions (F = 0.155 cm3/ min). Adapted from Masuoka and Yasuda (38). 

difference in the mode of polymer collection, however, the specific rates by 
which polymers deposit are not so different. 

Most studies that utilize polymer deposition onto the electrode surface are 
carried out under conditions of relatively high flow rate and low discharge 
wattage. Thus, the domain of the plasma polymerization conditions is, in most 
cases, in the power-deficient region, where the atomic nature of the 
polymerization is less pronounced. In contrast, Inagaki and Yasuda's data 
(39) obtained by collecting polymer onto substrates located between 
electrodes in the monomer-deficient, or the energy-saturated, region obtained 
by a magnetron glow discharge powered by 1 O kHz show very little difference 
a~ong the deposition rates of polymer from acetylene, ethylene, and methane 
(Fig. ~.49). If we consider the difference in the mass of the monomers, we come 
to a different conclusion, namely, that the specific rates by which methane and 
acetylene polymerize in plasma are very close under these conditions. If one 
ad~!ues that the plasma polymerizations of acetylene in these cases are 

1uerent, then the entire sub· t f 1 . . a"ing· 
I ~ec O P asma polymerization becomes me 1

., • 

ess. The growth mechanism with which we are dealing in this chapter is a baste 
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Fig. 6.49 Deposition rate as a function of used gas D .. 
CH ) l 6 10- 2 C) (CH . epos1tion rates (mg/cm2•hr) are as 

follows: 0 ( 4 ' • x ; 2CH 2), 2.5; e (CHCH), 3.6. Adapted from I a1c · d 
Yasuda (39). nag • an 

mechanism t~at can be applied to all cases. As discussed in more detail in 
Chapte~ 8, this problem cannot be thoro~~hly understood unless the growth 
mechanism and the polymer deposition mechanism are separated 
conceptually. 

Thus, "atomic" polymerization, in the context described in this section is a 
' very important aspect of plasma polymerization. Although the degree to 

which plasma polymerization is atomic in nature is dependent on the chemical 
structure of the monomers, the ionization characteristics, and the conditions 
of plasma polymerization, the complete elimination of "atomic" poly­
merization from plasma polymerization by manipulating the conditions and 
the structure of the monomers seems to be nearly impossible. If one could 
succeed in completely eliminating the contribution of "atomic" polymeriza­
tion, all advantageous features of plasma polymerization would be lost. 

In summary, the most important aspects of the growth mechanism of 
plasma polymerization are as follows: 

1. The chain-growth mechanism does not play a s~g_nificant ~ole in the 
vapor depositions of polymers in a vacuum. Addition reactions t~ t~e 
multiple bonds can and would occur in a vacuum; howe~er, ~he ~inetic 
chain length is too short to be recognized as polymenzatton in the 
conventional sense. h . . 

2· The major growth mechanism is the -rapid step-growth mec anism in 
Which the reactions between the activated species (in co?traSl_ thot abn 

t. d · te Such a reaction m1g e 
ac 1vated species and a molecule) pre omina · b. · f the 
t . h cutive recom 1nat1on o 
er~ed polyrecombination, tha~ is, t e con~e . 

61 
however contains 

activated species. The mechanism shown in Fig. · ' ' 
reactions that are not polyrecombination. 
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SI>Ec'l's 

. 1 pe'cies or a certain number of doll'\; 
I ny sing e s "'4unar 

3. Consequent Y, a i'ble for the plasma polymerizatio 1ng 
. t be respons b f . n of species canno the nature and num er o activated . a 

monomer. Furtbermore, are dependent on the conditions of siecies 
for med from a monomer p astna 
polymerization. 
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