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ABSTRACT:

The chemical structure, density, and deposition rate of hexamethyldisilazane

plasma polymer were investigated in terms of reaction conditions, such as discharge power (W)
and mass flow rate (F,,). The importance of the specific energy per mass (W/F,) as the major
controlling parameter of plasma polymerization was confirmed in this study. A notable influence
of W/F, on the chemical structure corresponded with the changes in density and deposition
yield of plasma polymer. Deposition rate equation was proposed from the simplified model of
plasma polymerization. Regression analysis of the experimental data supported the equation.
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The formation of thin organic films by the
plasma polymerization has received consider-
able attention due to the excellent physical and
chemical properties of those thin films.'?
Great research efforts have accumulated with
respect to the practical applications including
the electronic® ~® or optical® ~!? devices, sepa-
ration membranes,!*!# protective coatings,'®
and biomedical materials.!® Therefore, selec-
tive and reproducible controls of (i) the chemi-
cal structure and related physical properties
and (ii) the film deposition rate are more
strictly required for the practical application of
plasma polymer film.

Differing from the conventional polymeric
materials, the chemical structure of plasma
polymer is controlled by the operational pa-
rameters even when the same monomer and
reactor are used for the plasma polymerization
reactions." Among the numerous operational
parameters,!? the effects of discharge power
(W) and mass flow rate (F,,) on the chemical
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structure of plasma polymer have been studied
by many investigators.!''” ~2° Generally, it was
found that the higher value of W or the lower
value of F,, resulted in the more tightly cross-
linked chemical structure of plasma polymer.
To explain these structural observations,
Yasuda and Hirotsu?! proposed the composite
parameter W/F, as the major parameter of
structure control. Because W is the rate of
energy supply and F,, is the rate of monomer
supply to the plasma reactor, W/F,, represents
the average energy delivered to the unit mass
of monomer in a discharge state. Therefore,
the chemical structure and related physical

‘properties of plasma polymer are expected to

be uniquely controlled by this W/F,_ param-
eter.

The effect of operational parameters on the
deposition rate of plasma polymer draws at-
tention in two aspects. Practical interest con-
cerns the exact thickness control of the plasma
polymer film. Academic interest issues from
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the hope that the detailed study on the de-
position kinetics will assist in understanding
the extremely complex process of plasma re-
action. Although many investigators have
been engaged in this study,!-#2%22725 exper-
imental results are yet insufficient to under-
stand the basic mechanism of plasma polym-
erization.

In the present work, we investigated the
effect of operational parameters W and F,, on
the chemical structure, density, and deposition
rate of hexamethyldisilazane (HMDSIZ) plas-
ma polymer for the selective and reproducible
control of them and also for the clear under-
standing of the nature of plasma polymeriza-
tion.

EXPERIMENTAL

Plasma Polymerization

A schematic diagram of the plasma reactor
is shown in Figure 1. It consists of a Pyrex
bell-jar with the internal discharge electrodes.
The RF (13.56 MHz) power was capacitively
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Figure 1. Schematic diagram of plasma polymeri-
zation reactor: (RFG) RF generator; (IM) impedance
matching circuit; (B) bell-jar; (S) RF shield; (PG) pres-
sure gauge; (U) upper electrode, powered; (L) lower
electrode, grounded; (VS) monomer reservoir; (V;) micro
metering valve; (V) throttle valve; (CW) cooling water;
(FM) flow meter; (T) thermocouple and heater; (LNT)
liquid nitrogen trap; (VP) vacuum pump.
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coupled to the plasma reactor through the
impedance matching circuit.

Prior to the electric discharge, HMDSIZ
monomer was charged into the Pyrex reservoir
(VS), and degassed by the freeze-thaw method.

The whole system was initially evacuated
down to 1073 Torr using a mechanical vacuum
pump (Edwards, model E2M-18). The system
pressure was monitored by a Pirani vacuum
gauge without a specific calibration for the
HMDSIZ vapor. The monomer vapor was
introduced into the reactor from the down-side
holes of upper electrode, keeping the down-
stream throttle valve (V) fully open through-
out the experiments. Thus, the flow rate of
monomer and system pressure were controlled
simultaneously using a micro metering valve
(V,, Nupro SS-4BMG). The mass flow rate
(F,,) was determined by cutting off the vacuum
pump and monitoring the initial increase of
system pressure with time.! Following the
stabilization of F_, glow discharge was initi-
ated and continued over 20min at the fixed
discharge power (W). During the glow dis-
charge, the substrate on the lower electrode
was cooled by the tap water.

Chemical Structure

Effects of W and F,_, on the chemical struc-
ture were investigated by the IR absorption
spectra of plasma polymer. HMDSIZ plasma
polymer was deposited on the aluminum foil,
and the absorption spectra were taken by the
external reflection method?® using a Mattson
FTIR spectrophotometer.

Density

Density gradient column (Techne, Model
DC-1) was used for the density measurement
of plasma polymer scraped from the lower
electrode: ethanol/carbontetrachloride column
for 0.79-1.59 gcm ™3, and carbontetrachloride/

bromoform column for 1.60-2.89 gcm 3.

Deposition Rate
A pair of slide glasses (Clay Adams, No
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3058) masked with thin cover slips were used
as the substrate on the lower electrode. After
the deposition of plasma polymer, the step-
heights at the six radial positions were mea-
sured using a Talysurf 10 (Taylor-Hobbson).
The average deposition rate (DR: Amin™')
was calculated from these local deposition
rates (step-heights/deposition time). The mass
deposition rate (DR_) was then calculated
from DR and the evaluated density at each W,
F,, conditions.

RESULTS AND DISCUSSION

Plasma polymerization of organosilicon
compounds has been widely investigated due
to the excellent thermal,®” electrical,?® opti-
cal,!' and biomedical'® properties of the plas-
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Figure 2. IR absorption spectra of (a) HMDSIZ

monomer and (b) HMDSIZ plasma polymer (W/F_ =
20.8 MJkg™?).
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ma polymerized film. HMDSIZ, one of the
commonly used monomer,!'!"162772%  yag
chosen in this study because the chemical
structure and physical properties of the plasma
polymer were expected to well-correlate with
the operational parameters due to the Si and N
containing chemical structure of monomer
molecule.?®

Figure 2 compares the IR absorption spec-
trum of HMDSIZ monomer with that of
plasma polymer (W/F,=20.8 MJkg™'). The
monomer spectrum was identified by the ab-
sorption bands of Si—-CH;, Si—-N-Si, and N-H

Table I. Band assignments of FTIR spectra

Peak position
30-32

Material Assignments

cm™!

3381
2956
2898
1400
1254
1182

934

851, 842
755—618

w(N-H)

v,(C-H) in Si-CH,
v(C-H) in CH,
8,(CH,) in Si-CH,
5(CH,) in Si-CH,
S(N-H)

v,(Si-N-Si)

p(CH,) in Si+(CH,3),
w(Si-C)

HMDSIZ
monomer

* 3400
3370
2956

*2928
2902

* 2856

*2125

*1705

* 1430
1400

*1350
1254
1180

*1100—1000

*1030

920—900

v(O-H)
v(N-H)
v,(C-H) in CH,
v,(C-H) in CH,
v{(C-H) in CH;
v(C-H) in CH,
v(Si-H)
wWC=0)
0,(CH,) in Si-CH,-CH,-Si
3,(CH,)
J,(CH,) in Si—-CH,-Si
d,(CH,) in Si-CH,;
d(N-H)
v,(8i-0-Si), v,(Si-0-C)
w(CH,) in SiHCH,),-Si
v,(Si-N-Si)
840 p(CH,) in Si«(CH;),, n=2,3
*792 p(CH,) in Si«CH,),, n=1,2
900—500 w(Si-C)

HMDSIZ
plasma
polymer

(*) peaks absent in the monomer spectrum, (v) stretch-
ing, (9) bending, (p) rocking, (w) wagging, (,) asymmetric
mode, () symmetric mode.
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bonds as shown in Table I. The absorption
bands of plasma polymer differ from those of
monomer, and can be summarized as follows:
(i) The absorption intensity of Si-CH; group
(1254, 2956 cm ') reduced, and new absorp-
tion bands of Si-CH,-Si or Si-CH,-CH,-Si
group (2928, 1430, 1350, 1030, 790cm ') ap-
peared; (ii) The absorption band of Si-H
stretching (2125cm™!) newly appeared; (iii)
The absorption intensity of N-H group (3381,
1182cm~2) reduced, and the absorption band
of Si-N-Si stretching (934 cm™') broadened;
(iv) The new absorption bands due to the
probably oxidized structure appeared, such as
O-H (3400cm!), C=0 (1705cm '), and Si—
0-Si (1100—1000cm ™).

Although the plasma polymerization is con-
ceived as an extremely complex process, it is
generally agreed that the monomer molecules
introduced into plasma are activated into re-
active fragments, which then recombine to
form a new chemical bond.!*** The repetition
of these activation and mutual recombination
reaction of monomer molecules in a plasma
leads to the deposition of plasma polymer
which possesses a randomly cross-linked net-
work structure. Thus, the chemical structure of
plasma polymer is primarily controlled by the
fragmentation pattern in a discharge state.>
Because the fragmentation of a molecule in a
plasma should be related to the specific energy
received per unit molecule the control of
chemical structure by the W/F, parameter is
well-understood.?! The structural observations
(1)—(v) of HMDSIZ plasma polymer suggest
that the activation reaction possibly occurs by
the fragmentation of Si-C, C-H, and N-H
bonds, which is not unexpected in a discharge
state.

To evaluate the W/F, parameter and its
effect on chemical structure, FTIR spectra of
HMDSIZ plasma polymers were compared in
terms of the cautiously controlled W and F,,.
Figure 3(A) shows the effect of W at a fixed F,,,,
and Figure 3(B) shows the effect of F_ at a
fixed W. It can be seen that the structural
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changes by increasing W (a—b—c) correspond
to those by decreasing F, (d—e—f). More-
over, comparing the spectra of a with d, and
b with e, it can be proved that the mag-
nitude of W/F,, regardless of their individ-
ual W and F,, values is responsible for the
control of chemical structure. The distin-
guished spectral change with increasing
W/F,, was the gradual reduction of absorption
intensities of Si~-CH; (1254, 2956cm ™), ac-
companying the increased absorption inten-
sities of Si—~CH,—Si or Si-CH,—CH,-Si (2928,
1030cm ™). The reduction of absorption in-
tensity due to N-H (1182cm™?') and broad-
ening of absorption bands in the 1100—
600cm !, which represent the complex chemi-
cal structure with enhanced inorganic charac-
ter,>* were also observed with increasing W/
F_. Therefore, all the structural observations
of HMDSIZ plasma polymer suggest that the
higher value of W/F, probably corresponds
with the more severe fragmentation (acti-
vation) per monomer molecule in a discharge
state, and consequently with the more tightly
cross-linked network structure of plasma
polymer.

Figure 4 shows the effect of W/F,, on the
density of HMDSIZ plasma polymer. With
increasing W/F,, gradual increase of densi-
ty was observed, which accorded with the
changes of chemical structure monitored by IR
absorption (Figure 3). The density of plasma
polymer at the lower W/F, is not much dif-
ferent from that of organosilicon polymer:
polydimethylsiloxane, 0.98 gcm 3. However,
with increasing W/F,, the density gradually
increases and approximates that of inorganic
covalent materials (higher than 2.0 gcm ™3): 3%
such as silicon nitride, or silicon carbide. In
this respect, Yasuda distinguished the plasma
polymer from both the “‘polymeric”” and “‘in-
organic” material." He classified plasma poly-
mer as belonging to the new material cate-
gory which lies somewhere between the poly-
meric and inorganic category.! This means
that unique material properties so far not
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Figure 3. Effects of W and F,, on the IR absorption spectra of HMDSIZ plasma polymer:

w F, WIF, w F., WIF,
(A) — (B) —_—
watts  mgmin~' MJkg™! watts  mgmin~' MJkg™!
a 10 239 252 d 50 144.1 20.8
b 30 239 75.5 e 50 50.2 59.8
c 50 239 125.8 f 50 239 125.8
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obtainable with polymeric or inorganic ma-
terial can now be obtained by the plasma
polymerization method. Moreover, selective
control of properties is possible by the proper
choice of operational parameter W/F, as
shown in Figure 4.

It has been confirmed that the chemical
structure and density of plasma polymer are
controlled by the specific energy per mass of
molecule W/F,. However, the deposition rate
(DR,) is not expected to hold the same re-
lation to W/F,_,! because the DR,, is controlled
not only by the degree of activation per mol-
ecule (controlled by W/F,), but also by the
total supply rate of molecules into the reactor
(F,). Therefore, Gazicki and Yasuda®® pro-
posed a correlation of the yield of deposition
(DR, /F,) with W/F,_, instead of using DR,
itself. Because the deposition of plasma poly-
mer proceeds through the repeated reaction
of activation and mutual recombination, the
activation (fragmentation) steps are indispens-
able for a molecule to participate in the for-
mation of plasma polymer. Thus, the yield of
deposition is thought to be controlled pri-
marily by the activation (fragmentation) of
molecular bonds. Although the detaileld
understanding of this fragmentation process is

2.0

Density (g/cm®)

0.5 [ W NS VU N N T | 1 T W

100 200 300
W/Fm (MJ/Kg)

Figure 4. Effect of W/F, on the density of HMDSIZ

plasma polymer.
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an extremely difficult task due to the com-
plexity of plasma reactions,! a simplified mod-
el for that process is still required to explain
the observed deposition rates. We postulate
the fragmentation (activation) process to be a
kind of ‘*‘activated process’ by the specific
energy W/F,. Then, the yield of deposition
(DR, /F,) can be expressed as shown in eq 1 by
the quasi-Arrhenius manner, where the specific
energy W/F, replaces the thermal energy RT
of Arrhenius equation.

DRm/Fm:CXCXp(_Ea/(W/Fm)) (1)

where, E,, apparent activation energy. C, con-
stant which is determined by the geometry of
plasma reactor

Experimentally evaluated deposition rates
of HMDSIZ plasma polymer are shown in
Faigures 5 and 6. log(DR,_/F,) was plotted
against W/F,_ in Figure 5 according to the
mathematical form of eq 1, and DR, was
plotted against F,, at four W levels in Figure 6.
The lines in Figures 5 and 6 were drawn using
the eq 1 with C and E, values obtained by the
non-linear regression analysis®’ of data points
(C=1.579%x10"*cm~2, E,=40.79MJkg™ ).

DRm/Fm (cm™2)
°
4

1 il

10 =3
10-7|IlIllllllllll|llll|||ll[|ll[
0 200 400 600 800 1000 1200
W/Fm (MJ/Kg)
Figure 5. Yield of deposition (DR, /F,) vs. specific

energy per mass (W/F,) plot for the plasma polymeri-
zation of HMDSIZ.
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Figure 6. Deposition rate (DR,,) vs. mass flow rate
(F,) plot for the plasma polymerization of HMDSIZ:
discharge power of ([(7) 10; ( x ) 30; (A) 50; (*) 100 watts.

Although there exists some scatter in the data
points, the lines seem to represent the proper
relationship of DR, /F, against W/F_ in
Figure 5 and DR against F,, in Figure 6. The
same deposition kinetics conforming to the eq
1 were also observed with tetramethylsilane
and hexamethyldisiloxane monomer.*® More-
over, the relationship graphically shown in
Figures 5 and 6 is not different from the re-
sults reported by other investigators using
various monomers.! These facts altogether
support our proposed eq | and the postulated
model of plasma polymerization.

CONCLUSIONS

From the effects of operational parameters
W and F_ on the plasma polymerization of
HMDSIZ, it was confirmed that the specific
energy per mass (W/F, ) is a unique parameter
which controls the chemical structure, density,
and yield of deposition (DR,/F,) of plasma
polymer. Specifically, it was found that the
DR,, of HMDSIZ plasma polymer could be
described properly by the quasi-Arrhenius
equation: DR, /F, = C xexp(—E,/(W/F_)).
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