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organic solvents. The present article focuses on the 
relationships between the plasma polymerization 
conditions and the chemical structure of thin films 
of plasma-polymerized hexamethyldisiloxane 
(PPHMDSO). 

EXPERIMENTAL 

Materials 

Hexamethyldisiloxane (HMDSO, Aldrich) was used 
as a monomer without further purification. The 
plasma polymers were deposited on rectangular glass 
slides. KBr was used for spectroscopic analysis 
(Merck) after drying. a-bromonaphthalene (Kodak) 
was used for contact angle measurements. 

Plasma Reactor and Polymerization Procedure 

A March Jupiter I11 parallel plate 13.56 MHz radio 
frequency plasma reactor was the basis of the plasma 
reactor system. The configuration of the process 
system is shown in Figure 1. The chamber consists 
of 21 cm diameter anodized aluminum parallel plate 
electrodes separated by 3.8 cm. The electrodes are 
water-cooled to control the substrate temperature 
during processing. The plasma power can be varied 
between 10-250 W. The experimental procedure is 
as follows. The system was evacuated to 0.18 torr 
(1 torr = 133.3 Pa) via a liquid nitrogen cold trap. 
Argon was introduced directly into the reactor 
chamber a t  1 torr, for 3-5 min, and the system was 

evacuated again to 0.18 torr. Argon, now being used 
as a carrier gas, was passed through a flask contain- 
ing the monomer and into the reactor. The individ- 
ual flow rates of HMDSO and carrier gas were de- 
termined by the measurement of the rates of pres- 
sure increase when the pumping was abruptly 
stopped during steady-state flow.' The flow rate of 
the monomer was on the order of 14.4-29 cm3 (STP) 
per minute (sccm) was determined by the monomer 
flow rate (before the plasma was ignited). The initial 
reactor pressure was determined by the monomer 
flow rate. After the flow rate and initial pressure 
were stabilized, the plasma was ignited. The oper- 
ating conditions for several polymerization experi- 
ments of interest are shown in Table I. At the end 
of the polymerization, the monomer inlet was closed, 
and the system was evacuated to 0.18 torr and 
maintained at  that pressure for 10 min. The reactor 
was opened to the atmosphere, and the samples were 
removed and stored in a dessicator. 

Characterization 

Electron Spectroscopy for Chemical Analysis 

The chemical composition of the surfaces of plasma 
films deposited on glass slides was studied using 
electron spectroscopy for chemical analysis (ESCA). 
A photoelectron spectrometer (Perkin Elmer Phys- 
ical Electronics 555 ESCA/Auger) with an A1 K, 
source was used. The atomic concentrations were 
determined with an accuracy of 1% in a low reso- 
lution scan and the nature of the bonds with carbon 

Figure 1 
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Table I 
Polymerization Experiments 

Operating Conditions for Plasma 

Flow Rate Power Initial Pressure 
EXP. # (sccm) (W) (torr) 

10-50 10 50 0.6 
10-250 10 250 0.6 
25-50 25 50 1.1 
25-250 25 250 1.1 

and silicon in high resolution C1, and SiPP scan, re- 
spectively. The CIS and SiPp spectra were deconvo- 
luted using a curve-fitting program.15 Prior to de- 
convolution, the background was subtracted from 
the spectrum using one iteration of the Shirley 
method.15 The curve-fitting variables for C1, peak 
were the peak heights and the full width at  half 
maximum (FWHM). A combination of Gaussian 
and Lorentzian distributions was assumed,15 and the 
same peak positions were used for all the plasma 
polymers. For SiOp, the curve-fitting variables were 
the positions of the peaks (four to five peaks) and 
their heights. A Gaussian distribution was assumed, 
and the FWHM was determined to be 1.1. ESCA 
was also used to investigate the composition beneath 
the surface after removing 100 A by sputtering with 
argon. 

Fourier Transform Infrared Spectroscopy 

Transmission Fourier transform infrared spectros- 
copy (FT IR) was performed on KBr pellets placed 
in the plasma reactor. The plasma films were de- 
posited using these pellets as substrates. The plasma 
films were analyzed using a Nicollet Impact 400 in- 
frared Fourier transform spectrometer. 

Surface Tension 

The contact angles (0) between either distilled water 
or a-bromonaphthalene and the plasma polymer 
films deposited on glass slides were measured at  
room temperature using a Kernco goniometer, with 
an advancing droplet technique.16 The contact angle 
data were analyzed to determine the dispersive and 
polar components of the total surface tension (yd, 
y p ,  and y re~pectively).'~ The relationship between 
the components of the surface tension and contact 
angle is expressed by: 

where s represents solid and 1 represents liquid. 
Equation (1) has two unknowns, yf and yf, but is 
simplified in eq. (2) for a-bromonaphthalene, which 
has no polar surface tension component: 

once y: is determined from eq. (2) using a-bromo- 
naphthalene (yf = 44.6 mN/m; yf = 0 mN/m), when 
yf can be determined from eq. (1) and the contact 
angle with water (y: = 21.8 mN/m; yf= 51 mN/m). 

RESULTS AND DISCUSSION 

Deposition Rate 

Plasma-polymerized HMDSO (PPHMDSO) films 
were transparent and yellow to brown, depending 
on the deposition conditions. The films were smooth 
and homogeneous. 

The deposition rate was independent of deposi- 
tion time, as expected from a steady state reactor 
process. All the films adhered strongly to the glass 
substrate. The deposition rate of PPHMDSO varied 
from 1.7-11 pg/(cm2 min), depending on power and 
monomer flow rate, as shown in Figure 2. The high- 
est deposition rate occurred at the lowest power and 
the highest flow rate, decreasing with increasing 
power and with decreasing flow rate. The deposition 
rate is most sensitive to flow rate at  low powers and 
most sensitive to power at  high flow rates. Yasuda' 
has labelled two regimes which describe plasma pro- 
cess behavior: a monomer-deficient region in which 
the deposition rate is proportional to flow rate is 
independent of the power, and an energy-deficient 
region in which the deposition rate is proportional 
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Figure 3 

to the power but is independent of the flow rate. The 
results in Figure 2 are quite different from typical 
plasma polymerization. The strong increase in de- 
position rate with flow rate a t  low powers indicates 
that the polymerization is within the monomer-de- 
ficient region. Increasing the power in this region 
yields even more intensive monomer fragmentation. 
The rapid drop in deposition rate with increasing 
the power indicates that the excess power forms even 
smaller fragments which do not combine to form 
larger molecules in the reactor. Above 200 W, the 
system reaches an energy saturation, and the small- 
est fragments are formed. The effects of forming 
these smaller fragments are seen in the chemical 
structure. 

Molecular Structure 

The low resolution ESCA spectra for PPHMDSO 
exhibited peaks corresponding to CIS, Ols, SiZS, and 
SiZP The elemental compositions from ESCA are 
shown in Figure 3, and the Si/O and Si/C ratios are 
shown in Figure 4. The different PPHMDSO films 

Figure 4 

contain 13-31% oxygen, which is more than the ap- 
proximately 11% in the monomer. The reaction of 
atmospheric oxygen with long-lived radicals is com- 
monly found in plasma polymer films and can ex- 
plain the abundance of o ~ y g e n . ~ ' , ~ ~  ESCA spectra 
taken following argon ion sputtering that removed 
100 A from the surface seems to indicate that there 
is abundant oxygen (20-30%) throughout the 
PPHMDSO films and not only at  the surface. 

The silicon/carbon ratio in the plasma polymer 
(Fig. 4) is smaller than that of the monomer. At high 
flow rates and low powers, when the deposition rate 
is high, the plasma polymer mostly resembles the 
monomer. When the flow rate decreases, the Si/C 
ratio increases, indicating a more inorganic plasma 
polymer. At high powers, the monomer fragmentation 
is more intensive, yielding new chemical structures. 
When the flow rate decreases, the Si/C ratio in- 
creases, indicating a more inorganic plasma polymer. 

The CIS spectra were deconvoluted into C-C, 
C - 0, C = 0, and C - Si contributions with bind- 
ing energies of 285, 286.5, 288, and 284.3 eV, re- 
spectively. The positions of the deconvoluted CIS 
component peaks were similar to the reference peaks 
reported in the literature?0,21 Figure 5 shows a typ- 
ical CIS peak deconvolution for the 25-50 sample. 
HMDSO, the monomer, does not contain C - 0 or 
C=O bonds. These groups are typically found in 
the plasma polymerization of siloxane 
and result from the reaction of atmospheric oxygen 
with long-lived radicals in the plasma polymer. The 
deconvolution of the Si, peak is much more com- 
plicated than for the CIS peak. The deconvolution 
of various Si, peaks yielded Si - C peaks between 
101 and 101.6 eV and Si-0 peaks between 102.2 
and 102.8 eV, both consistent with literature val- 
u e ~ . ~ ~ ~ ~ ~  In addition, there is a significant tail at 
higher binding energies in the SiZP spectra that re- 
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sults from various species of Si - 0, ( x  > 1). Figure 
6 shows a typical Si, peak deconvolution for the 
25-50 sample. 

A graphical summary of the elemental analysis 
including C1, and Si, peak deconvolutions is shown 
in Figure 7. All the samples have significant amounts 
of C-0 bonds as a result of the reaction of at- 
mospheric oxygen with the free radicals in the 
plasma polymer. From the ESCA results, it seems 
that the structure is more sensitive to flow rate than 
to power. Figure 7 shows that a t  high flow rates (at 
both high and low powers), the samples have high 
concentrations of C - Si bonds reflected in both the 
C1, and Si, deconvolutions. On the other hand, a t  
low flow rates (at both high and low powers), the 
Si - C bonds concentration decreases significantly. 
These observations indicates that at low flow rates, 
monomer fragmentation increases as the plasma 
polymerization is driven further into monomer-de- 
ficient conditions. Most of the carbon is bound to 
either silicon (as in the monomer) or to carbon. Sil- 
icon is bound to either carbon or oxygen (as in the 
monomer). These results suggest that the plasma 
polymer is actually a silicon-oxygen network with 
short hydrocarbon chains containing hydroxyl and 
carbonyl groups attached to the silicon in the back- 
bone. 

FT IR spectra of PPHMDSO at  different poly- 
merization conditions are shown in Figure 8. FT IR 
spectra of PPHMDSO at  50 W for both high and 
low monomer flow rates is shown, as well as FT IR 
spectra of PPHMDSO at 250 W for both high and 
low monomer flow rates. The FT IR spectral peak 
positions are listed in Table II.24 The spectra shown 
in Figure 8 have many characteristic absorption 
bands in common: the methyl (CH,) stretching vi- 
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bration at  2940 and 2882 cm-' (asymmetric and 
symmetric vibrations); the Si - CH3 asymmetric 
and symmetric deformation at  1425 and 1263 cm-', 
respectively; the Si - ( CH3)3 stretching vibration at 
860 cm-'; and the strong band from the Si-0 
stretching vibration at 1050 cm-'. The peak at  2400 
cm-' resulted from traces of atmospheric COP that 
remained in the spectrometer cell. 

The ratios of the absorption peak heights for 
Si - 0 (1050 crn-')/CH3 (2940 cm-') and for Si - 0 
(1050 cm-')/Si-((CHJ3 (860 cm-') are shown in 
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Figure 9 for different polymerization conditions. The 
Si - 0 bonds represent the inorganic nature of the 
films, while the CH3 and the Si- (CH3)3 bond rep- 
resent the organic nature. The ratios reflect the fun- 
damental differences in the chemical structure as- 
sociated with the balance between the organic and 
inorganic nature of the plasma polymer. The 
Si - O/CH3 ratio and the Si - O/Si - (CH,), ratio 
decrease with increasing power at low monomer flow 
rate, while the opposite is true at high flow rates. 

Table I1 Infrared Frequencies and Band 
Assignments* 

Frequency 
(cm-') Band Assignment 

2972-2952 
2882-2862 
2100-2150 

1700 
1410-1440 
1255-1280 
1000-1100 
760-860 

- CH3 asymmetric stretching 
-CH3 symmetric stretching 
Si- H stretching 
C = 0 stretching 
Si- CH3 asymmetric deformation 
Si- CH3 symmetric deformation 
Si -- 0 asymmetric stretching 
Si - (CH,), symmetric deformation 
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The intensive fragmentation of the monomer at high 
powers creates Si-H (2175 cm-') and C = O  
groups (1700 cm-'). At low powers, changing the 
flow rate yields more significant effects. The Si - O /  
CH3 ratio decreases with increasing flow rate since 
introducing more monomer to the relatively energy- 
poor plasma yields less fragmentation and the re- 
sulting polymer retains more of the original mono- 
mer structure. The relatively constant Si- O /  
Si - (CH3)3 ratio at low powers also reflects the low- 
energy plasma-generating polymers, which retain 
more of the original monomer structure. At low 
powers, there is no evidence of Si-H peaks, and 
the C = 0 peaks are less prominent, confirming that 
fragmentation is less intensive, complementing the 
ESCA analysis. The low Si-0 concentration in 
Figure 9 for 10-250 is not understood, especially in 
light of other results. 

Figure 10 shows proposed chemical structure 
models of PPHMDSO films at  different conditions. 
The carbon is bound to silicon as short hydrocarbon 
chains that can include carbonyl or hydroxyl groups. 
At high powers, the silicon may also be attached to 

I 
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Figure 10 * See Colthup e t  aL2' 
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hydrogen as a result of intensive fragmentation. The 
amount of oxygen bound to silicon is a function of 
the polymerization conditions, and its variation in- 
dicates that the polymer changes from dominantly 
organic (25-50) to dominantly inorganic (10-250). 
The surface layers are expected to be richer in ox- 
ygen and include some hydroxyl groups. 

Surface Tension 

Figure 11 shows the total surface tension of the 
plasma polymer films divided into dispersive and 
polar components. The dispersive components of the 
films are rather similar, approximately 42 mN/m. 
The polar components vary from a minimum of 6 
mN/m for (25-50) to a maximum of 22 mN/m for 
(10-250). The plasma polymer surface tension is very 
high compared to that of typical PDMSO surfaces, 
20 mN/m.25 As all the films are smooth, the changes 
in surface tension are directly related to the surface 
chemistry of the films. The relatively high polar 
surface tension reflects the high concentration of 
carbon-oxygen groups (e.g., hydroxyl) incorporated 
onto the surface by the reaction of free radicals with 
atmospheric oxygen. The increase in the polar con- 
tact angle with decreasing flow rate supports the 
different chemical structures described in Figure 10. 
The most monomer-starved plasma polymer (at high 
power and low flow rate) has a dominantly inorganic 
nature reflected in its large polar surface tension. 
The least monomer-starved plasma polymer (at low 
power and high flow rate) is more organic in nature 
and has the lowest polar surface tension. 

The chemical structure of the plasma polymer 
can be controlled through the polymerization con- 
ditions. In this research, the influence of the flow 
rate and the power on the chemical structure was 
described. These conditions affect the fragmentation 
of the monomer introduced into the glow discharge. 
When the power is high and the amount of the 
monomer is low, the molecules are intensively frag- 
mented. When the power is low and the flow rate is 
high, the decrease in energy per mass yields less in- 
tensive fragmentation and plasma polymers more 
closely resemble the chemical structure of the 
monomer. Studies on the relationships between the 
chemical structure of these films and their potential 
application as membranes for per vaporation sepa- 
ration processes are currently being undertaken. 

CONCLUSIONS 

In summary, the following conclusion can be drawn 
from the results presented here. 

0 Plasma polymerization of HMDSO yields ul- 
trathin, smooth, and homogenous films whose 
organic / inorganic character can be controlled 
through the reaction conditions. 

0 At low powers, the system is monomer-defi- 
cient, and the deposition rate is highly flow rate- 
dependent. At high powers, the system reaches 
an energy saturation, and the deposition rate 
is relatively flow rate-independent. 

0 PPHMDSO films contain atmospheric oxygen 
that has reacted with long-lived radicals in the 
polymer. At  high flow rates and low powers, the 
similarity between the plasma polymer and the 
monomer is the greatest. At high powers, the 
monomer is severely fragmented, and the 
structure becomes more inorganic in nature. 

0 The plasma polymer structure seems to be a 
silicon-oxygen network with short hydrocarbon 
chains that may include hydroxyl and/or car- 
bony1 groups attached to silicon in the back- 
bone. 
The inorganic nature of the plasma polymer at  
high powers is reflected in its high polar surface 
tension. 
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