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Mechanism of Organic Layer Formation 
in Low=Pressure Plasmas: Layer Formation 
in the Positive Column with Styrene 

H.-J. TILLER, D. BERG, D. HERZBERG, and K. DUMKE 

Sektion Chemie 
Friedrich-Schiller- Universitat 
Jena, DDR 

A B S T R A C T  

The formation of organic layers by decomposition of styrene 
in the positive column of a glow discharge i s  studied by a 
complex analysis of the gas phase and of the layer. The posi- 
tive column i s  used as a flow tube whereby time resolution of 
layer formation and decomposition of styrene as monomer is 
possible. The product distribution qualitatively i s  independent 
of discharge conditions. Quantitatively a dependence of a 
parameter called specific decomposition energy cv exists. The 

composition and properties of the layer depend on the param- 
eter E~ and a second parameter E termed the specific cross- 

linking energy. A model of layer formation i s  proposed which 
includes some different models discussed in the literature 
which a re  specific cases of this general model. The different 
cases depend on the parameters mentioned above. Methods 
used for analysis of the layer a re  gas chromatography, mass  
spectroscopy, LR spectroscopy, E PR spectroscopy, solvent 
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5 48 TILLER ET AL. 

fractionation, elementary analysis, molecular weight deter m ina- 
tion, thermal investigations, and electron microscopy. 

INTRODUCTION 

If organic compounds a re  mixed with low-pressure plasmas, 
layers develop on the plasma boundary surfaces o r  on suitably 
mounted substrates. Because of their chemical resistivity and the 
defined dependence of their thickness on plasma parameters and 
discharge time, such layers aroused industrial interest in their 
application a s  dielectrics or  passivating films, which is reflected 
by a number of patents [ 1-31. Simultaneously more or  less  sys- 
tematic investigations were begun, including experiments to obtain 
layers of varying properties from different initial compounds [ 4- 131 
as well a s  phenomenological studies of the influence of initial com- 
pound, plasma parameters [ 4, 7, 10, 13-22] and plasma carr ier  gas 
[ 5, 7, 23-26, 501 on layer formation. Several investigations into the 
morphology of the layers were also reported [ 5, 27-33], From the 
results, conclusions were derived on the mechanism of layer forma- 
tion, proceeding from the assumption of a quasi-polymeric layer 
structure, primarily because spectroscopic studies suggested paral- 
lels to block polymers. Therefore, mechanism discussions a re  
frequently based on polymer-kinetic concepts, with both radical 
[ 6, 12, 16, 171 and ion [ 10, 321 mechanisms being proposed. 

stance mixture to be discussed. Mechanism discussions differ 
further a s  to the assumed site of macromolecular product formation. 
Several authors prefer to discuss layer formation on the surface 
[ 4, 7, 20, 21, 35, 37, 381, whereas others, most of them relying on 
morphological studies, advocate higher molecular product formation 
in the gaseous phase [ 5, 24, 25, 32, 361. Apart from the fact that 
the geometry, nature of discharge, and characteristics of low-pressure 
plasmas, in particular, permit their properties to vary through a wide 
range of conditions affecting layer formation (which makes the com- 
parative evaluation of results obtained by different workers extreme- 
ly  difficult), there a re  a number of facts that contradict simplified 
mechanism concepts based on volume polymer growth kinetics. 
Studies on gaseous-phase decomposition of organic initial substances 
in the plasma reveal a broad spectrum of reaction products [ 37, 39- 
441, which can be expected to contribute differently to layer forma- 
tion. Moreover, investigations into layer formation in a flow tube 
[ 7, 221 or in flowing gases [ 7, 12, 231 support the assumption that, 

Most of the reports cited also refer to the complexity of the sub- 
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MECHANISM O F  LAYER FORMATION 549 

in general, layer formation occurs through intermediate states in the 
gaseous phase, unless the discharge geometry employed and the pre- 
vailing pressure and diffusion conditions permit the direct  conversion 
of the initial compound on the surface, such as in layer formation by 
electron beams [ 451. It is, in fact, the gaseous-phase concept that 
implies the possibility of layer formation even from saturated com- 
pounds. There a r e  indications also that different vinyl compounds 
do not differ greatly in their layer-forming behavior, so that vinyl 
group is believed to have no decisive part  in layer formation [ 6, 461. 
The concept of layer formation through intermediate products, not- 
ably of very low saturation, is maintained by some authors [ 12, 221. 

Styrene, next to benzene, has  been studied most thoroughly a s  an 
initial compound. A great number of experiments with varying dis- 
charge modes have been reported [ 10, 23, 321. Those made by 
Thompson [ 321 deserve special mention, because they employ a 
broad spectrum of methods for studying the layers  formed in HF 
discharges. All these works, too, discuss mechanism on the basis  
of a polymer-kinetic growth concept. 

into gaseous phase and layer formation, coupled with time resolution 
in a plasma flow tube, with the objective of discussing mechanism in 
more detail. Also, the use of styrene a s  initial compound enables 
individual resul ts  to be compared with others  reported in the litera- 
ture and obtained under different conditions, which may provide an 
answer to the question whether mechanism concepts can be gen- 
eralized. 

The positive column of a glow discharge is the most thoroughly 
known of all  plasma parts; i t s  use here  is based on i t s  homogeneity, 
which makes it especially suitable for flow tubes. 

The subject of the present report  is a combined investigation 

E X  P E  R I M E N T A L  

Figure l a  shows a schematic diagram of the experimental setup. 
A variable proportion of styrene was admixed to a constant flow of 
argon ( V  = 30 cm/sec, p = 0.5 Torr) .  The styrene flow was varied 
between and mole/min. Monomer transport  through the 
flow tube at high throughput (DM > 3 X 

mined by gas flow, a t  low throughput (DM < 6 X 

diffusion. The proportions of two cases  can be established by experi- 
ment from layer formation in, and against, the direction of flow and 
calculated quantitatively from the pressure and throughput values. 
The graphs show the resul ts  transformed into the time axis. 

mole/sec) is deter- 

mole/sec) by 
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5 50 TILLER ET AL. 

b 

FIG. 1. Schematic diagrams of (a) plasma flow tube and 
experimental setup and (b) sampling device for gaseous phase analy- 
sis: (E) electrode; (F) flow distance; (Fd) flow direction; (P) pump; 
(R) rubber membrane; (M) monomer; (C) cooling jacket. 

Polished glass substrates (1 X 10 X 250 mm) were inserted into 
the flow tube. Lines were scribed into the deposited layers and their 
thickness measqed  with a surface tester. From the results, the 
Pr(t) functions [ A/s a s  f(td), where td is monomer decomposition 
time] can be derived. The tube wall is surrounded by a jacket for 
thermostatting within the range 15-85°C. 

analysis, gas chromatography, molecular weight determination, 
pyrolysis chromatography, and thermal measurements. Selected 
samples were scanned by EPR and DSC techniques. Layer samples 
were taken from various portions of the flow tube and separated by 
benzene into a soluble and an insoluble portion (a). By precipitation 
in methanol, the benzene- soluble portion was again fractionated into 
a higher molecular fraction insoluble in methanol (b) and a methanol- 
soluble fraction (c). Attached to the plasma flow tube at  defined 
distances are stems, which may hold either a movable electrode in 
order to vary the length of the plasma column, o r  the sampling device 
for gaseous-phase products (Fig. lb), A cooling finger filled with 
liquid nitrogen causes the gaseous-phase products leaving the plasma 
column to condense on the finger surface. Once the plasma decompo- 
sition is completed, a sleeve is pushed over the cooling finger in the 

Methods of layer analysis included IR spectroscopy, elementary 
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MECHANISM OF LAYER FORMATION 551 

vacuum and the sampling device separated from the flow tube. Both 
gaseous and liquid products can be sampled through the rubber mem- 
brane by means of an injection syringe and fed into the gas chromato- 
graph. 

R E S U L T S  AND DISCUSSION 

I n v e s t i g a t i o n  of t h e  G a s e o u s  P h a s e  

The gaseous phase was studied by i ts  products condensed on a 
cooling finger (Fig. lb) located outside the plasma column. The 
reaction products gaseous at  room temperature consisted essen- 
tially of C Z  compounds (ethylene, acetylene). The liquid phase was 
a multicomponent system whose composition remained qualitatively 
constant throughout the range of plasma parameter settings while 
quantitatively varying systematically with plasma conditions and 
decomposition time. Figure 2 shows a typical chromatogram of the 
liquid mixture. Compounds of higher molecular weights than those 
corresponding to styrene dimers cannot be detected, even when the 
discharge conditions were varied. This i s  due to the fact that the 
higher the molecular weight of a compound, the less probable i s  i ts  
formation; moreover, these substances may condense already on the 
wall of the plasma tube. 

The total quantity of reaction products systematically depends on 
the throughput and decomposition time of the initial compound (Fig. 3a). 
It is a rough measure of the degree of styrene conversion and corre- 
lates with the specific plasma energy introduced in [ 221, which i s  
defined as 

E = V (Vsi/NADM) [ Ws/particle] v Pl 

where V = FQ 
Pl 

= plasma volume (cross  section X length of column) 

= FVtd 

(where V i s  flow rate and t i s  decomposition time) d 
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5 52 TILLER E T  AL. 

27 
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29 
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FIG. 2. Gas chromatogram of the liquid phase of gaseous phase 
products. 
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MECHANISM OF LAYER FORMATION 5 53 

a 

t cart of 
b 

FIG, 3. Plots of (a) styrene conversion a s  a function of specific 
plasma energy c i = 5 mA/cm2 ; t = 0.34 sec; (b) yield of low 

molecular gaseous phase product ( C Z  -fraction) as a function of 
decomposition time td, i = 5 mA/cm2, DM = 1.3 X 

V' d 

mole/sec. 

and Vs i s  field strength (V/cm), i i s  current density (A/cm2 ), NA is 

Avogadro's constant, and DM i s  the monomer throughput (mole/sec). 

Thus, under constant plasma conditions, 

E V = A(td/DM) 
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554 TILLER ET AL. 

A similar quantity, proving characteristic for plasma- chemical 
investigations, was also proposed by Neiswender [ 471. For a single 
product such a relation is not to be expected because taking place a 
superposition of different processes of formation and destruction. 
For instance, the quantity of gaseous reaction products first  in- 
creases with E or t 

the products themselves a re  converted into solid layer material. 

products as function of throughput or  specific plasma energy. The 
selection includes products that may well have been formed by way 
of varying number of decomposition and combination reactions. Com- 
pounds formed by few reaction stages, especially by the reaction of 
primary styrene fragments with styrene or  hydrogen depend little 
on throughput. Examples a r e  benzene, diphenylbutane, and diphenyl- 
butene. Compounds whose formation can be explained only by a 
multitude of intermediate stages show greater dependence on DM or  
E (e.g. naphthalene, toluene). ' Based on general pattern with three essential stages of conversion, 
viz., formation of primary reaction products by dissociation and 
ionization reactions of the initial compound, reaction of these primary 
products with the redundant monomer up to synthesis reactions, and 
reactions among reaction products, the primary radicals for styrene 
as initial compound can be assumed to be CBHs', .CH=CH2, H, and 
styrene radicals formed by hydrogen abstraction. The double bond 
in the vinyl group and the ring are very stable to the electron impact 
dissociations that exclusively qualify for the primary processes [ 481. 

Under the prevailing discharge conditions, ion concentration is 4 
to 5 orders of magnitude below radical concentration, so that ion 
reactions should not dominate conversion despite their higher reaction 
rate. 

On the basis of these primary radicals, a reaction pattern can be 
assumed for the formation of the most frequent reaction products: 

C6HrCd'k-C6H5, C6H5-C 5 CH, naphthalene. A detailed discussion 
of this mechanism was given previously [ 611. Some steps in this 
pattern must be regarded as summary reactions for which, in prin- 
ciple, ionic reactions are also possible under different discharge 
conditions, especially where monomer proportion in the plasma is 
small [ 491. 

respectively (Fig. 3b), but then decreases a s  v d' 

Figure 4 shows the relative concentration changes of some reaction 

C4H2, CzH4, )2, C6H5 CH3, C6 Hij CzH, C ~ H S - C ~ H E - C ~ H ~  

P h e n o m e n o l o g i c a l  S t u d i e s  of L a y e r  F o r m a t i o n  
The growth rate Pr of the layers depends markedly on throughput 

D and on the decomposition time of the initial compound in the plasma. M 
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Quantity of products formed 
[ w b i t ~ q  units] I 
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FIG. 4. Dependence on D of concentration of some gaseous M phase products. 
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5 56 TILLER ET AL. 

'"i I+ 

Dehydrating 
Cyciizution -.I I 

With a plasma flow tube a s  shown in Fig. la the P (t) functions r 
presented in Fig. 5 a re  obtained. They have maxima that vary with 
with throughput, which provides unmistakeable evidence that the layers 
are formed from reaction products of styrene rather than by direct 
conversion of styrene on the substrate surface. In addition, the Pr(t) 

behavior depends on wall temperature and discharge current density 
(Fig. 6). The maximum shifts towards longer decomposition times 
a s  the wall temperature increases (Fig. 6a), while shifting towards 
shorter decomposition times a s  current density increases (Fig. 6d), 
which i s  due to the faster rate of reaction product formation. 
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MECHANISM O F  LAYER FORMATION 557 

FIG. 5. P (t) functions vs. monomer throughput for styrene as r 
initial compound: (1) D 

6.34 X 10-7/mole, kl = 5.l/sec, k, = 5.9/sec; (3) DM = 1.30 X 

mole, kl = 5.6/sec, k, = 6.5/sec; (4)  D 

sec, k, = 3.4/sec; (5) D 

sec; (6) D 
1.83 X /mole. 

= 7.20 X 10-8/mole, k, = G.l/sec; (2) DM = M 

= 3.80 x 10-6/mole, kl = 2.4,’ M 
= 7.30 X 10-6/mole, kl = 0.5/sec, t = 1.4/ 

= 1.15 X lom5 /mole, kl = O.S/sec, l~ = 1.8/sec; (7) DM = 
M 

M 
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5 58 TILLER ET AL. 

a) 

FIG. 6. Effects of wall temperature and current density: (a)  effect 
of wall temperature on Pr ( t )  a t  various temperatures: (1) 1.5"C, 
( 2 )  26"C, (3) 40"C, (4) 60°C, ( 5 )  84°C; (b) effect of wall temperature 
on P at  fixed td. r 

A s  Fig. 6 reveals, the influence of wall temperature on layer 
formation, which was investigated by several authors [ 4, 7, 20, 24, 32, 
341, is found to vary also with decomposition time. Because of the 
time-dependent spectrum of reaction products the influence of wall 
temperature on a fixed substrate arrangement can therefore be 
generalized with difficulty. Evidence of the importance of adsorption 
in the process of layer formation and thus of the wall temperature 
was discussed in several works, one of which [ 621 also treats con- 
densation on the wall. 
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MECHANISM O F  LAYER FORMATION 5 59 

2 e. 
(c) kl and k3 as functions of wall temperature; (d) P-(t) as function of 

L 

current density: (1) 5.33 mA/cm2, (2) 20.1 mA/cm2 ; (3) 11.2 mA/cm2, 
(4) 6.3 mA/cm2, (5 )  4.0 mA/cm2. 

Also, the Pr(t)  maxima found in a number of components essen- 
tially account for the dependence of layer formation ra tes  on monomer 
throughput discovered by some authors [ 4, 71. 

A discussion of P (t)-functions requires the plasma parameters 

in the flow tube to be approximately constant in space. Investigations 
[ 491 on the influence of organic components on electron density (n ) e 
and electron energy proved a strong influence in case of small admix- 
tures ( <  l%), which is accounted for by the Penning ionization of the 

r 
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560 TILLER ET AL. 

FIG. 7. Model used for kinetic evaluation. M denotes initial com- 
pound; R denotes layer-forming reaction products; F denotes products 
not forming layer. 

benzene admixture employed in that experiment. Higher admixtures 
(up to 20%), however, resulted in no significant changes in the plasma 
parameters mentioned. These results, obtained with stationary dis- 
charges, a re  supported by studies [ 51, 521 on the spatial dependence 
of the parameters in flowing HF/noble gas plasmas. Our own experi- 
ments made to establish the dependence of field strength in the posi- 
tive column on the time of monomer decomposition also suggest the 
approximate stability of the parameters within half an order of 
magnitude. These n values were estimated to be 10" ~ m - ~ .  

put forward elsewhere [ 221. 

the following solution for the growth rate P,(t): 

e 
The kinetic evaluation follows a simple model concept (Fig. 7 )  

Applying first-order time laws to simplify matters, we obtain 

Considering the total conversion, additional information such as the 
significance of constants kz and ks may be obtained. In the flow tube 
employed, up to 90% of the styrene is converted into layer material, 
so that only ko, k l ,  and b remain as important constants. These 
constants characterize the layer-forming behavior of a certain com- 
pound better than the commonly used growth rate, which is determined 
at  a single site. Because of the specific Pr(t) function of the initial 

compound, different plasma setups and varying flow conditions may 
yield widely differing information where compounds are compared to 
each other. 
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MECHANISM O F  LAYER FORMATION 56 1 

In Figures 5 and 6c note the k values for  various P ( t )  functions. r 
They are constants that summarily reflect a multitude of reaction 
stages. 

on constant kS, which characterize wall reactions (Fig. 612). The rise 
at higher temperatures might be caused by thermal polymerization 
effects. 

Expectedly, the influence of wall temperature is particularly strong 

S t u d i e s  o n  t h e  L a y e r s  F o r m e d  

IR spectroscopy is one of the most frequently used methods to 
characterize organic layers formed in a plasma. Figure 8 shows the 
IR spectrum of a layer produced from styrene, scanned immediately 
after its formation (a), and after 14 days of storage in a i r  (b). De- 
tailed studies on aging a r e  reported elsewhere [ 531. 

From the similarity of some individual bands of the layer with 
those of polystyrene, some workers in the field have occasionally 
inferred a quasi-polystyrene s t ructure  of the layer. Owing to the 
highly complex composition of the gaseous phase, however, the layer 
must also be expected to contain a mixture of substances, which i s  
verified by the gas-chromatographic tests described below. 
reason, the IR spectra of the layers  a r e  suitable for obtaining infor- 
mation on the existence or alteration of certain characterist ic struc- 
tural  elements, such a s  the aliphatic/aromatic ratio and oxidizability. 

For that 

i. r K6 

FIG. 8. IR spectra of an organic layer formed from styrene: (a) 
immediately after layer formation; (b) after 14 days of exposure to air. 
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TILLER ET AL. 

FIG. 9. C/H ratio and aromatic/aliphatic ratio in various seg- 
ments of Pr(t) function. 

Layer oxidation gives rise to new bands, so that IR spectra can 
change markedly during the aging process. 

The composition of the layers also depends on the degree of 
decomposition of the initial compound. Different portions of the Pr(t) 
functions of a layer show changes in the aromatic/aliphatic and C/H 
ratios (Fig. 9). The change in C/H ratio, which is unity for layers 
of styrene origin through a wide variety of layer-forming conditions, 
was reproduced in a multitude of test series,  The change indicates 
a faster rate of layer formation from dehydrated reaction products 
and supports the role of dehydration reactions in plasma gas dis- 
charges detected by many workers [ 12, 14, 40, 41, 541. 

If the layer, however, is separated as described above into an 
insoluble, higher-molecular fraction (a), a benzene- soluble fraction 
(b) a methanol-soluble, low molecular weight fraction (c), a likewise 
systematic dependence on the parameter DM is found (Fig. 10). 

Table 1 lists some results obtained on individual fractions, which 
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MECHANISM OF LAYER FORMATION 56 3 

A A b - fraction 

FIG. 10. Proportions of layer fractions in the total layer as a 
function of E vw' 

TABLE 1. Results of Softening Point Studies (Ts), Elementary 
Analyses, and Molecular Weight (a) Determinations 

~~~~ ~ ~~~ 

Fraction C/H ratio T, ("(3 (m 
a (1 >240 N D ~  

b - 1  160- 180 2500-4000 

C - 1  90- 100 300 

aNot determinable 

also proved to be independent from formation conditions. The aromatics/ 
aliphatics ratio within any one fraction also proves to be nearly inde- 
pendent of layer formation conditions. The conclusion is that the changes 
occurring in the layer as a whole a re  due to a quantitative change in 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



56 4 TILLER ET AL. 

product distribution, whereas the qualitative composition of individual 
layer fractions is relatively independent of discharge conditions. 

cal, chemical, thermal and electrical stability. This causes low 
thermal stability in the aging process; it may, in extreme cases, 
produce considerable puckering (Fig. 11) as low molecular com- 
ponents evaporate. 

Figure 12 summarizes IR spectra of the three fractions, Fraction 
a is seen to have a greater tendency for oxidation and, for equal layer 
thickness, a higher basic absorption, which may be due to the carbon 
skeleton of the layer. It is also obvious from the spectra that, 
despite the expected structural diversity, a number of bands occur 
in all fractions and thus may be characteristic for a certain struc- 
tural group only rather than providing a basis for structure discus- 
sions. Vivid proof of this is furnished by gas chromatographic 
studies of the low molecular weight fraction (c). Here, too, a broad 
product distribution i s  observed (Fig, 13)) which, in contrast to the 

Fraction c has particularly poor layer properties, such a s  mechani- 

FIG. 11. Surface morphology of a layer with high proportion of 
fraction c after aging. 
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Numbers indicate 
mole masses 

56 5 

FIG. 12. Infrared spectra of layer and layer fractions: (1) glow 
polymer; (2) fraction a; (3) fraction b; (4) fraction c. 

FIG. 13. Gas  chromatogram of the low molecular fraction (c). 
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566 TILLER ET AL. 

2 3 

FIG. 14. EPR spectra of individual layer fractions of a glow 
polymer layer formed from styrene: (1) initial layer; (2) insoluble 
fraction after benzene treatment, fraction a; (3)  soluble fraction 
extraction from benzene, fraction b. 

gaseous phase, is marked particularly by the absence of products 
having molecular weights > 300 and by the presence of dimeric 
reaction products of styrene. 

characteristic of layers formed in a low-pressure plasma. It has 
no hyperfine structure and is largely independent of the layer-forming 
conditions and the initial compound [13, 37, 55-57]. It i s  detectable 
in fractions a and b (Fig. 14), although with less  intensity in fraction 
b; its intensity varies with the degree of layer crosslinking o r  with 
the degree of decomposition of the initial compound. 

C o n c e p t s  of t h e  L a y e r -  F o r m i n g  M e c h a n i s m  

described by a scheme (Fig, 15) which i s  divided into three stages 

The literature frequently refers  to an EPR signal of g = 2 as a 

On the basis of the experimental results, layer formation may be 
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Gas phase 

MECHANISM OF LAYER FORMATION 

- 
Substmte or 
layer surfice 

1 
layer voLume 

FIG. 15. Concept of layer formation in low-pressure discharges 
and possible borderline cases. 

which take place simultaneously. The importance of the individual 
steps strongly depends on the discharge conditions. It appears ex- 
pedient to discuss the stages as limiting cases in the layer-forming 
process. 

Fir st Stage 
Formation of a td- and E -dependent product and molecular weight 

V 
distribution in the gaseous phase is the first step. Experiments in 
d.c. discharges do not support the concept of polymeric products of 
homogeneous structure, since the higher molecular weight fraction 
of the layer varies little with increasing styrene partial pressure, 
which was thought to favor gaseous phase polymerization. Rather, 
the formation of macroscopic particles occurs in the gaseous phase; 
similar phenomena a re  also observed in compounds that do not polym- 
erize, such as several organic silicon compounds [ 241. For the for- 
mation of particles having radii 0.1 pm observed by Thompson and 
Mayhan [ 321 , a temporary interaction with the surface during the 
formation process cannot be excluded, so that a definite statement 
regarding formation in the gaseous phase cannot easily be made. 
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568 TILLER ET AL. 

FIG. 16. Electron micrographs of a condensation layer. 
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MECHANISM OF LAYER FORMATION 569 

Second Stage 

By condensation and reactive conversion on the substrate surface, 
the distribution of products and molecular weights of the gaseous 
phase i s  changed into a new distribution on the substrate, forming an 
adsorption, condensation or solution layer-the latter in conjunction 
with an earlier layer. The existence of such a low molecular phase 
on the surface can be proved by electron microscopy under certain 
discharge conditions (Fig. 16). The nature of its morphology depends 
largely on the discharge conditions, the initial compound employed, 
and the wall temperature. A possibility to get quantitative relation 
between plasma properties and layer properties i s  the introduction 
of the specific crosslinking energy E * 

vw' 

E =aE iw/Pr vw 

where i i s  wall current density, C i s  average energy of ions and elec- 

trons (kinetic energy and recombination energy,  and a i s  a conversion 
factor. 

Under positive-column conditions and with styrene as the initial 
compound, the low molecular phase was found only where E was 
< 1 eV/particle. This condition i s  also responsible for a high pro- 
portion of fraction c in the layer. This fraction has a high styrene 
content, which may polymerize after completion of the layer and 
stabilize the droplet structures detected. The same effect was ob- 
served by Kobayashi e t  al. [ 131. 

W 

vw 

Third Stage 

Under the influence of the plasma components, crosslinking and 
partial polymerization ( i f  sufficient components capable of polymeri- 
zation a re  present) take place within the adsorption, condensation, 
or solution layer. These reactions cause a shift in the product and 
molecular weight distribution towards higher molecular weights 
(Fig. 15). Under positive-column conditions, a direct correlation 
between the proportion of the higher molecular fractions (a and b) 
and the specific crosslinking energy is apparent (Fig. 10). No 
increase of higher molecular products was detected under surplus 
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570 TILLER ET AL. 

monomer conditions. The shift of the product and molecular weight 
from fraction c towards fractions b and a involves a decrease in the 
C/H ratio and a marked decrease of the proportion of aromatics; it 
should be assumed, therefore, that the shift is less due to polymeri- 
zation reactions than, with styrene as the initial compound, to cross- 
linking reactions between especially aliphatic fragments. With 
sufficiently high values of eVW, the second stage may be skipped 

(Fig. 15), because the products reaching the surface crosslink 
immediately of react with the strongly activated surface. This case 
largely corresponds to the adsorption model of layer formation [ 211. 
The other extreme case, i.e., low E 

lar phase as  a condensation or  solution layer, which is in a state of 
equilibrium with the product distribution in the gaseous phase of the 
plasma. This model [ 261 is backed by morphological studies of 
layers having little crosslinking. In this case a vertical gradient in 
structure will be expected [ 261. Between the two limiting cases, there 
exists a broad spectrum of possible transitions [ 581. The distribu- 
tion of products and molecular weights in the layer is of immediate 
consequence to the morphology of the layers, which depends systemati- 
cally on product and molecular weight distribution and thus on the spe- 
cific crosslink energy. Systematic investigations on styrene as initial 
compound resulted in the relationship between E and surface morph- 

ology as presented in Fig. 17. During the experiments, a qualitative 
relationship was established for other compounds a s  well. Further 
proof is added by the results reported by Kobayashi e t  al. [ 121, which 
point to a dependence on parameters that allow reduction to depend- 
ence on € The morphology itself varies greatly with thickness of 

values, produces a low molecu- vw 

vw 

vw ' 

smooth 

a) bi 

smooth 
respectively 
creased by shrinking 

FIG. 17. Surface morphology of a styrene glow polymer layer as 
a function of E (schematic). vw 
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MECHANISM OF LAYER FORMATION 571 

FIG. 18. Electron micrograph of some typical glow p lyme% 
surfaces: (a) tetrachloroethylene, thickness of layer d - 250 A ;  
(b) tetrachloroethylene, d - 11000 A; 
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572 TILLER ET AL. 

FIG. 18 (cgntinued) (c)  monochlorobenzene, d - 9000 A ;  (d) benzene, 
d - 3000 A; 
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MECHANISM O F  LAYER FORMATION 573 

0 

FIG. 18 (continued) (e) mejhyl methacrylate, d - 23000 A ;  ( f )  hexa- 
fluorobenzene, d - 26000 A. 
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574 TILLER ET AL. 

the layers [ 27, 59, 60, 631. High cVW values, such a s  those expected 

in electrode depositing, produce almost smooth surfaces and repro- 
duce heterogeneities or  impurities [ 291 on the surface, whereas the 
layer itself becomes more and more structurized a s  eVw decreases. 

Typical structures a re  droplet, powdery, and cauliflower structures 
(Fig. 18). They may be formed out of the layer, but may also be 
stimulated by nuclei. At low E values, both spherulitic structures 

and smooth layers can be observed. If the layer has a high propor- 
tion of nonpolymerizing, low molecular weight fractions, these 
fractions evaporate under heavy shrinkage (Fig. 11). 

suitable for characterizing layer formation conditions in plasmas, 
though it is in many cases difficult to obtain a quantitative measure 
of these parameters. 

vw 

It will be supposed that the two parameters cV and€ a re  vw 
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