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Abstract : The overall kinetic equation for the deposition rates of organosilicon plasma polymer was
derived from the activation growth model! of plasma polymerization. Regression analyses of the expe-
rimental deposition rates supported the proposed equation. The role of input energy level W/Fm in
controlling the deposition yield of monomer was closely related to the observed changes of structure
and properties of plasma polymer.

INTRODUCTION of organosilicon plasma polymer could be control-

led by the input energy level (W/Fm) of plasma

In Parts I and 1 of this study'? it was shown reaction according to the activation growth nature
that the chemical structure and physical properties of that process. It was also shown that the plasma
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polymer represented a new class of material
whose structure and properties extended over the
intermediate range between the polymeric and
inorganic material® Thus, this unique process of
thin film formation seems to extend the range of
material selection in many technological applica-
tons.* Due to this enhanced range of molecular de-
sign and also to the excellent thin film properties,
the plasma polymerization process has received
considerable attention. Accordingly, there is an
ever increasing interest in the mechanism and ki-
netics of plasma polymerization deposition.* Ho-
wever, the plasma reactions are extremely comp-
lex and moreover dependent on too many experi-
mental parameters to be clearly understood by the
theoretical reasoning”® Therefore, many investiga-
tors have attempted to derive the kinetic equation
of plasma polymer deposition with the postulated
mechanism of plasma polymerization, usually the
conventional chain propagation mechanism.>~# Al-
though those kinetic equations seemed to partly
explain the observed deposition rates in terms of
some reaction parameters, the chain propagation
mechanism used for the derivation of equation is
not justified since it cannot account for the most
important aspect of plasma polymerization, namely,
the control of chemical structure by reaction para-
meters. Recently, Yasuda and Wang® proposed a
simple empirical equation of plasma polymer de-
position based on the “rapid step growth polyme-
rization (RSGP)”3 (activation growth!®) mecha-
nism which seems to be the most likely model of
plasma polymerization as also shown in Parts [ and
I of this study.l'2 Many investigators have repor-
ted the supporting results for this equation, howe-
ver, experimental results are yet insufficient and
occasionally inconsistent to draw general conclu-
sion.3 In the present work, we examined the depo-
sition rates of three organosilicon plasma polymers
in terms of reaction parameters W and Fm which
played an important role in controlling the chemi-
cal structure and physical properties.'? Through
the analysis of deposition rates using the activation
growth concept and the mass balance equation
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proposed very recently by Yeh and coworkers,'! a
new kinetic equation was derived which seems to
possess general applicability.

EXPERIMENTAL

Plasma Polymerization

The detailed description of the plasma reactor
and the general procedure of plasma polymeriza-
tion should be referred to the experimental section
of Part I.!

Deposition Rates

The deposition rates of tetramethylsilane
(TMS), hexamethyldisilazane (HMDSIZ), and he-
xamethyldisiloxane (HMDSIO) plasma polvmer
were examined in terms of discharge power (W)
and mass flow rate (Fm). For each monomer, four
different W (typically, 10, 30, 50, 100 watt) and se-
ven different Fm were employed to the twenty-ei-
ght individual reaction conditions specified by W,
Fm. A pair of slide glasses (Clay Adams, No 3058)
masked with thin cover slips were used as the su-
bstrate on the lower electrode. After the deposition
of plasma polymer, the step-heights at the six ra-
dial positions (5, 13, 20, 30, 38, 45mm from the ce-
nter of lower electrode) were measured using a
Talysurf 10 (Taylor-Hobson). The average deposi-
tion rate on the lower electrode (DR : A/min) was
calculated from the six local deposition rates
(step-height/deposition time). The mass deposi-
tion rate (DRm : mg/min - cm?) was then calcula-
ted from DR and the evaluated density of that pla-
sma polymer at each W, Fm conditions.

RESULTS AND DISCUSSION

Fig.’s 1-3 show the variations of DRm according
to the changes of W and Fm for the organosilicon
monomers TMS, HMDSIZ, and HMDSIO respecti-
vely. By the gradual increase of Fm at a fixed W,
DRm initially increases almost linearly with Fm
then decreases after passing the DRm maxima.
Obviously, such behavior is apparent at all the W
levels and monomers examined. It is also apparent

261



Soo Young Park, Nak Joong Kim, Un Young Kim, Sung Il Hong, and Hiro yuki Sasabe

700
A
600 [
+
:é 500:
§ 400} y
E -
T, 300f .
E 2000 /o e
c -
100} N
(o] ° o o [
0™ %0 60 % 120
Fm (mg/min)

Fig. 1. Deposition rate (DRm) of TMS plasma poly-
mer as a function of monomer flow rate (Fm) at 10
watt (), 30 watt (@), 50 watt (A), and 100 watt
(A) discharge power level, respectively. The lines
were drawn according to eq 4 with C and Ea values
of Table 1.
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Fig. 2. Deposition rate (DRm) of HMDSIZ plasma
polymer as a function of monomer flow rate (Fm) at
10 watt (), 30 watt (@), 50 watt (A), and 100 watt
(A) discharge power level, respectively. The lines
were drawn according to eq 4 with C and Ea values
of Table 1.
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Fig. 3. Deposition rate (DRm) of HMDSIO plasma
polymer as a function of monomer flow rate (Fm) at
10 watt (), 30 watt (@), 50 watt (A), and 100 watt
(A) discharge power level, respectively. The lines
were drawn according to eq 4 with C and Ea values
of Table 1.

that the value of Fm which yields the DRm ma-
xima shifts to the higher Fm when the W level is
raised. These observations are not peculiar to the
organosilicon monomers examined in this study.
Many workers already reported the same behavior
in the plot of deposition rate versus flow rate’
Therefore, we were strongly tempted to investi-
gate the possible origin of this kinetic result based
on the activation growth mechanism of plasma
reaction,! %1 since the significant changes in the
chemical structure (Part I)! and physical properties
(Part T)? of plasma polymer could be clearly exp-
lained by this mechanism.

Recently, Yeh and co-workers!! investigated the
fundamental mass balance in the plasma polymeri-
zation system and found that the empirically obtai-
nable average local deposition rate DRm having a
unit dimension of mass/area - time is the function
of three influencing factors, Y, x'/S, and Fm,
where Yp is the yield of the plasma polymer depo-
sition, x' is the fraction of feed-in monomer that
flows in the glow discharge zone, S is the area of
the surface on which plasma polymer is deposited
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(thus, DRm times S is the integrated polymer de-
position rate), and Fm is the total mass flow rate
of monomer.

DRm:Yp (x'/S) Fm (D

The yield of plasma polymer deposition (Y,)
means the fraction of feed-in monomer that takes
part in the formation of plasma polymer. There-
fore, Y, is the factor that is primarily related to the
mechanism of plasma polymerization, on the other
hand, x'/S is the geometrical factor of plasma
reactor and Fm is the controllable parameter.
From eq 1, it is apparent that Y, is proportional to
DRm/Fm if x'/S is kept constant. Recently, Yasuda
and co-workers found that DRm/Fm, thus Y, is
controlled by the input energy level W/Fm.3!! Ge-
nerally, two domains of plasma polymerization
were distinguished in the DRm/Fm versus W/Fm
plot, namely, energy-deficient region where DRm/
Fm increased almost linearly with W/Fm and mo-
nomer-deficient region where it leveled to some
constant value. This means that the DRm is cont-
rolled by W in the former region and by Fm in the
latter region, which is the empirical kinetics of
plasma polymer deposition proposed by Yasuda
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Fig. 4. DRm/Fm versus W/Fm plot for the plasma
polymerization of TMS. The line was drawn according

to eq 5 with C and Ea values of Table 1.
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and Wang.9 Just the same results are also obser-
ved in our plasma polymerization experiments of
three organosilicon monomers as shown in Fig.'s
4-6, respectively. At the energy-deficient regions
(approximately less than 10> MJ/Kg) an order of
magnitude increase in DRm/Fm with W/Fm is
clearly shown, then, at the monomer-deficient re-
gion (higher W/Fm region) DRm/Fm levels to
some constant value. Thus, our experimental resu-
Its also confirm the kinetics proposed by Yasuda
and Wang,” however, from the viewpoint of activa-
tion growth mechanism of plasma polymerization,
it is not clear why the plasma polymer deposition
should be described by distinguishing the two se-
parate domains.

In Parts I and II of this study,? it was shown
that the plasma polymerization proceeds possibly
through the repeated activation and recombination
steps of molecular bonds. Most importantly, the
degree of activation per molecule was thought to
be controlled by the input energy level (W/Fm) of
plasma reaction since we could explain the syste-
matic changes of structure and properties in terms
of that parameter. According to the activation gro-
wth scheme shown as eq 1 in Part L' it is apparent
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Fig. 5. DRm/Fm versus W/Fm plot for the plasma
polymerization of HMDSIZ. The line was drawn
according to eq 5 with C and Ea values of Table 1.
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Fig. 6. DRm/Fm versus W/Fm plot for the plasma
polymerization of HMDSIO. The line was drawn
according to eq 5 with C and Ea values of Table 1.

that the activation of a molecule into reactive spe-
cies {which is controlled by W/Fm as above men-
tioned) is the necessary condition for that mole-
cule to participate in the formation of plasma poly-
mer. This means the yield of deposition Y, should
also be controlled by the activation reaction, thus,
by the input energy level W/Fm as actually shown
in Fig’'s 4-6. Here, it seems reasonable to consider
the activation step as an “activated process” dri-
ven by the specific energy supplied per mole of
monomer. Then, Y is simply expressed in terms
of W/Fm as shown in eq 2 since the value of W/
Fm is just the specific energy per mass of mono-
mer in the plasma reactor.

Ey @

Y, =exp (— W/Fm

By substituting Yp into eq 1, we obtain an equa-
tion of plasma polymer deposition.

DRm=exp (— —2) () Fm 3)

W/Fm

Experimentally, we used a flow configuration
that forced monomer vapor to flow through intere-
lectrode glow zone, thus, it is not unreasonable to
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assume the value of x" as 1 and that of S as inner
surface area of reactor (ca. 2000 cm?). However,
the exact value of DRm in eq 3 could not be de-
termined because it is almost impossible to mea-
sure local deposition rates at all the locations in a
whole reactor. We only measured six local deposi-
tion rates on the lower electrode and thus obtai-
ned the average value of them as DRm (in unit of
mg/min - cm?). Generally, it was observed that the
local deposition rate on lower electrode was much
higher than that on the reactor wall. Thus, we ex-
pect that the changes of DRm as a function of
operational parameters can be well monitored by
the measured value of DRm although the magni-
tude of DRm might be much larger than DRm.
In this case, eq 3 can be rewritten as eq 4 to cor-
relate the measured deposition rates with opera-
tional parameters W and Fm . where C comprises
both x'/S term and the unspecified scale factor of
DRm/DRm ratio.

E
DRm= ——2 ) F
m=C exp ( W/Fm) m @
Then, from eq 4, DRm/Fm is simply related to
W/Fm as follows.
DRm

Ea
o C e e ©)

In fact, the lines shown in Fig.'s 4-6 were drawn
according to eq 5 with C and E, values obtained
by the regression analysis of whole data set of res-
pective monomer using the computer program for
a multi-variable nonlinear regression which mini-
mizes the sum of the squares difference (see Ta-
ble 1). It seems that the lines approximate the ex-
perimentally obtained results closely and visualize
the nearly linear increase of DRm/Fm at lower W
/Fm region and leveling at higher W/Fm region as
was generally observed in the plasma polymeriza-
tion of many organic or organometallic compounds.’
Thus, it seems likely that the two domain con-
cept in the DRm/Fm verus W/Fm plot is just the
simplified expression of eq 5. Furthermore, the li-
nes in Fig’s 1-3 were also drawn according to the
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Table 1. Result of Regression Analysis by Using eq 4
Monomer Ea (MJ/Kg) C(cm?® ¢ (MJ/Kg)*
™S 63.6 1.39X 10+ 70.2
HMDSIZ 40.8 1.58 X 10* 62.8
HMDSIO 425 1.51X10* 62.8

* specific bond energy=X(bond energy)/molecular

weight

eq 4 at four W levels for respective monomer. It
is also apparent that the lines approximate the ex-
perimental data closely and visualize the generally
observed trends of DRm maxima at certain Fm va-
lue and their shift to higher Fm value with increa-
sing W level. Simple mathematical treatment (dif-
ferentiation of eq 4 with respect to Fm) allows us
to obtain the specific condition of DRm maxima,
namely, the input energy level (W/Fm) at the
DRm maxima equals the value of Ea. Interestingly
enough, the apparent activation energy (Ea) of
plasma polymerization seems to be closely related
to the average bond energy (¢) of molecule as
shown in Table 1.

From these considerations, it is concluded that
the generally observed deposition behavior and
also the two domain concept of plasma polymeriza-
tion could be explained by the simple kinetic
equation of activation growth reaction. However, it
should be noted that the proposed eq 4 (or 5) ac-
counts only for the basic mechanism of plasma po-
lymerization without considering the more compli-
cated problems of plasma polymerization, such as
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the hydrogen yield,® competitive ablation with de-
position,® or substrate temperature.” Much work
remains to be done in this area, and we are curre-
ntly doing some of these topics.
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