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ABSTRACT: Plasma polymerization of hexamethyldisilane ([CH3]3SiSi[CH3]3) and tetramethylsilane
([CH3]4Si) has been investigated by XPS, FTIR, solid state NMR, and plasma emission diagnostics. Thin
carbosilane films and powders can be deposited by this method. Hexamethyldisilane is found to undergo
glow discharge polymerization much more readily than tetramethylsilane; this has been attributed to
the chromophoric mSi-SiM bond contained in the former precursor.

Introduction

Plasma-polymerized organosilicon layers are promis-
ing materials for use in biocompatibile coatings,1 inte-
grated optical circuitry,2,3 and semiconductor device
fabrication,4 as precursors for the synthesis of silicon
carbide,5as moisture barrier coatings,6 and as adhesion
promoters between glass fibers and polymer matrices.7
Tetramethylsilane (Si[CH3]4),8,9 phenylsilane ([C6H5]-
SiH3),10 trimethylvinylsilane ([CH3]3Si[CHCH2]),11 and
hexamethyldisilane ([CH3]3Si-Si[CH3]3)12 are among
some of the carbosilane monomers previously studied.
Silylmethyl groups, [CH3]xSi (x ) 1-3), and weak Si-
Si linkages are understood to play a key role during the
plasma polymerization of organosilanes.13
In this article, a comparison is made between the

nonequilibrium glow discharge polymerization of tet-
ramethylsilane (Si[CH3]4) and hexamethyldisilane
([CH3]3Si-Si[CH3]3). These precursors are structurally
identical apart from the weak Si-Si linkage contained
in the latter molecule. Coatings and powders have been
synthesized from each of these monomers and charac-
terized by XPS, FTIR, NMR, and XRD. UV emission
spectroscopy measurements have been made on the
organosilane glow discharges. A mechanistic insight
into the polymerization and structural aspects of these
carbosilicon materials is presented.

Experimental Section
Tetramethylsilane (TMS, 99.9% Aldrich Chemicals) and

hexamethyldisilane (HMDS, 98% Aldrich Chemicals) were
further purified by multiple freeze-pump-thaw cycles. These
reagents were found to have a sufficiently high vapor pressure
at room temperature and therefore did not require any
external warming. Two types of substrate were used: low-
density polyethylene films (LDPE, Metal Box) and glass slides.
Both of these were washed with isopropyl alcohol, and dried
prior to use.
Glow discharge experiments were carried out in a cylindrical

glass reactor (4.5 cm diameter, 490 cm3 volume) enclosed in a
Faraday cage.14 It was fitted with a monomer inlet, a Pirani
pressure gauge, and a 47 L min-1 two-stage rotary pump
attached to a liquid nitrogen cold trap. A 13.56 MHz radio
frequency (RF) source was inductively coupled to the reactor
via a matching network and a copper coil (4 mm diameter, 9

turns) spanning 11.0-18.5 cm from the monomer inlet. Aver-
age excitation powers lower than 5 W could be sustained by
pulsing the glow discharge. All joints were grease-free. A
fixed substrate position of 6.5 cm from the reactor inlet was
used for the experiments concerned with investigating the
effects of W/FM upon plasma polymer growth. In the case of
bulk material studies, powdered deposit was collected from
all parts of the reaction vessel. Calculation of monomer and
leak mass flow rates assumed ideal gas behavior.15
A typical experimental run consisted of first scrubbing the

reactor with detergent, rinsing with isopropyl alcohol, and
drying, which was then followed by a high-power (50 W) air
plasma treatment lasting 60 min. This last step was carried
out in the presence of glass substrates, but in the absence of
polyethylene film, since oxygen glow discharges are renowned
for their ability to oxidize polymer surfaces.16 Next, the reactor
was pumped down to its base pressure of 2 × 10-2 Torr and a
leak rate of better than 2.6 × 10-10 kg/s. Subsequently, the
monomer was introduced into the reaction chamber at 1 x 10-1

Torr pressure and mass flow rates (FM) of 3.6 × 10-8 and 4.3
× 10-8 kg/s for TMS and HMDS, respectively (i.e. at least
99.3% of FM is the organosilane precursor). Following 5 min
of purging, the glow discharge was ignited. Upon completion
of deposition, the RF source was switched off, the monomer
reservoir closed, and the reactor evacuated back to its original
base pressure for at least 5 min. Finally, the system was let
up to atmosphere, and the appropriate analytical measure-
ment undertaken.
X-ray photoelectron spectra were acquired on a Kratos

ES200 surface analysis instrument operating in the fixed
retarding ratio (22:1) analyzer mode. Magnesium KR X-rays
were used as the photoexcitation source with an electron
takeoff angle of 30° from the surface normal. Instrument
performance was calibrated with respect to the gold 4f7/2 level
at 83.8 eV with a full-width-at-half-maximum (FWHM) of 1.2
eV. No radiation damage was observed during the typical time
scale involved in these experiments. An IBM PC computer
was used for data accumulation and component peak analysis
(assuming linear background subtraction and Gaussian fits
with fixed FWHM). All binding energies are referenced to the
hydrocarbon (-CxHy-) component at 285.0 eV.17 Instrumen-
tally determined sensitivity factors for unit stoichiometry were
taken as C(1s):O(1s):Si(2p) equals 1.00:0.55:1.05.
Infrared absorbance spectra of powdered material and

coated polyethylene film were collected on a FTIR Mattson
Polaris instrument. Plasma polymer powder was mixed with
dried KBr, then pressed into a disk, and characterized by the
transmission method. Treated polyethylene film was mounted
onto a variable angle attenuated total reflection (ATR) cell
fitted with a KRS-5 crystal. An incident beam angle of 45°
was used, which resulted in 14 internal reflections.18 Typi-
cally, 100 scans were acquired at a resolution of 4 cm-1.
Solid-state NMR spectra were taken on a Varian VXR-300

spectrometer equipped with a Doty Scientific magic-angle-
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spinning (MAS) probe. 29Si and 13C NMR signals were
recorded at 59.6 and 75.4 MHz, respectively. In both cases,
tetramethylsilane (TMS) was used as the chemical shift
reference. Cross-polarization (CP) spectra were obtained with
a 3 ms contact time and a 2 s relaxation delay. Additional
29Si spectra were acquired following 90° pulses (of 4 µs) having
relaxation delays of 5 and 60 s. In all cases, sample spin rates
were maintained at approximately 4 kHz.
A home-built UV emission spectrometer based upon a

Czerny-Turner type monochromator was used for plasma glow
analysis. A computer was used to rotate the grating via a
stepping motor and also to accumulate the counts from the
photomultiplier tube detector. This instrument could scan
continuously from 180 to 500 nm at 0.5 nm resolution.
Nitrogen adsorption isotherms were determined for each

sample using a PMI Brookhaven Sorption apparatus. The
Brunauer, Emmett, and Teller (BET) method for specific
surface area determination was employed. Elemental mi-
croanalysis was done on a Carlo Erba elemental analyzer
(model 1106). A Philips X-ray diffractometer (model PW1009/
80) fitted with a Cu KR (λ ) 1.5443 Å) tube and a Debye-
Scherrer camera was used to determine whether the collected
plasma powder possessed any crystalline character.

Results
Short deposition times resulted in a uniform coating;

however longer times (6 h) produced a substantial
amount of noncrystalline brown powder within the glow
region. The HMDS material (surface area ) 11.92 (
0.22 m2 g-1) changed to a yellow color on standing in
air, whereas its TMS counterpart (surface area ) 17.10
( 0.98 m2 g-1) retained its brown appearance. Elemen-
tal microanalysis of the collected plasma deposits (at
maximum deposition rates, see below) yielded H/C
ratios of 1.9 and 2.3 for TMS and HMDS, respectively,
whereas the H/C ratio for both monomers is 3.0.
X-ray Photoelectron Spectroscopy. The Si/C

ratios of plasma-polymerized organosilicon coatings
deposited onto a polyethylene substrate were found to
drop with increasingW/FM, leading to hydrocarbon-rich
films, Figure 1; this fall in Si/C ratio is much more
pronounced for HMDS. Also, a greater silicon content
was found in the HMDS product at very low excitation
energies. The Si(2p) peak is centered on 100.7 ( 0.1
eV for the TMS plasma powder, whereas it is shifted to
101.2 ( 0.1 eV in the case of HMDS. Angle-resolved
XPS studies of both organosilicon deposits revealed a
small amount of surface oxygen at increased glancing
angles (less than 4%), this probably originated from the
reaction of trapped free radicals in the plasma polymer
reacting with the atmosphere during sample transfer
to the XPS spectrometer.
FTIR Spectroscopy. Characteristic infrared ab-

sorption bands for the TMS molecule can be assigned

as follows:19 2955 cm-1 (C-H asymmetrical stretching
in CH3), 2891 cm-1 (C-H symmetrical stretching in
CH3), 1248 cm-1 (CH3 symmetric bending in Si[CH3]n),
864 cm-1 (CH3 rocking in Si[CH3]n), and 694 cm-1 (Si-C
stretching). The hexamethyldisilane precursor gives
rise to the following infrared absorption bands:19 2951
cm-1 (C-H asymmetrical stretching in CH3), 2893 cm-1

(C-H symmetrical stretching in CH3), 1246 cm-1 (CH3
symmetric bending in Si[CH3]n), 835 cm-1 (CH3 rocking
in Si[CH3]n), and 721, 690, and 607 cm-1 (Si-C stretch-
ing). The Si-Si stretch in HMDS is infrared-inactive.
ATR-FTIR studies using a polyethylene substrate

were used to determine the optimum conditions for
maximum deposition rate of organosilicon material. The
greatest attenuation of the characteristic polyethylene
bands was taken as corresponding to the thickest
plasma polymer layer. By using this method, it was
deduced that carbosilane polymerization occurs most
rapidly atW/FM ) 280 MJ/kg for TMS andW/FM ) 120
MJ/kg for HMDS, Figure 2.
FTIR transmission spectra of powdered material

obtained from plasma polymerization of TMS and
HMDS (at maximum deposition rates) are compared in
Figure 3. Typically, CH3 stretching bands tend to occur
at 2962 cm-1 (C-H asymmetrical stretching) and 2872
cm-1 (C-H symmetrical stretching).20 Methylene groups
(CH2) in aliphatic and nonstrained cyclic hydrocarbons
exhibit C-H asymmetrical and symmetrical stretches

Figure 1. Si/C ratios as a function of glow discharge power:
(a) TMS; (b) HMDS. (6.5 cm from monomer inlet, 10 min
deposition).

Figure 2. ATR-FTIR spectra of plasma-polymerized orga-
nosilane onto polyethylene as a function of W/FM: (a) TMS;
(b) HMDS. (6.5 cm from monomer inlet, 10 min deposition).
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at 2926 and 2853 cm-1, respectively (the exact position
can vary by up to (10 cm-1). Any type of strain can
cause the aformentioned stretching frequencies to in-
crease.20 Therefore the 2951 and 2895 cm-1 bands seen
in the FTIR spectra of the freshly deposited powders
arise from the overlap between CH3 and CH2 stretching
frequencies. CH3-C linkages can also be identified by
peaks at 1460 cm-1 (methyl asymmetric bending in
CH3-C) and 1375 cm-1 (methyl symmetric bending in
CH3-C). Silicon-related infrared absorptions are as-
signable as follows:9,11,19,21-25 2110 cm-1 (Si-H stretch-
ing), 1408 cm-1 (CH2 symmetrical scissoring in Si-CH2),
1250 cm-1 (CH3 symmetric bending in Si[CH3]n), 1026
cm-1 (Si-O-Si and/or Si-O-C asymmetric stretching
and/or CH2 wagging in Si-[CH2]n-Si), 833 cm-1 (CH3
rocking in Si[CH3]n, n ) 2, 3), 791 cm-1 (CH3 rocking
in Si[CH3]n, n ) 1, 2), and 685 cm-1 (Si-C stretching).
Clearly, HMDS gives rise to a silicon-rich plasma
polymer, consisting of mainly Si-CH2, Si-[CH2]n-Si,
and Si[CH3]n moieties, whereas the TMS product con-
tains a greater organic content.
Solid State NMR. 13C and 29Si NMR spectra of

freshly deposited TMS and HMDS plasma polymers are
shown in Figures 4 and 5, respectively. All NMR
measurements have been referenced to tetramethylsi-
lane monomer. Characteristic features observed in
these spectra have been assigned in accordance with
data published elsewhere.22,26-29 The most intense13C
and 29Si NMR signals are located at around 0 ppm.

Therefore the major chemical environment present in
these plasma deposits is very similar to that found in
the TMS reference compound (i.e. Si[CH3]n).
The shoulder at approximately 20-50 ppm in the 13C

NMR spectra is characteristic of either sp3 carbon atoms
located within a hydrocarbon chain, or silicon carbide
species;26 clearly, this feature is much more intense for
the TMS product, which would be consistent with it
having a greater organic content. Unsaturated centers
are evident in the 120-180 ppm range (the occurrence
of carbonyl groups in the freshly deposited materials
can be ruled out, since none were detected by infrared
analysis); in fact there appears to be a higher proportion
of unsaturated carbon linkages in the TMS plasma
polymer.
The 29Si NMR spectra for both materials comprise a

strong signal centered at 1 ppm which is characteristic
of -Si[CH3]3 fixed to hydrocarbon chain ends, the slight
shoulder on this peak at 6 ppm is most likely to
originate from silicon centers fixed to hydrocarbon
chains, of the type R4Si, where not more than one R
chain is a methyl group. The peak at approximately
-11 to -14 ppm can be attributed to one or more of the
following: silicon centers with unsaturated carbon
centers attached to the â position from the [CH3]3Si
group of the type [CH3]3Si[CHdCHR] where R ) H,
CH3, or Si[CH3]3 or [CH3]R2SiH, provided R has an alkyl
chain containing at least two [-CH2-] linkages, or
perhaps silicon carbide type species. The weak feature
at -35.0 ppm is most likely to be some kind of R1R2-
SiH2 linkage. The 29Si NMR results are consistent with
13C NMR experiments: TMS plasma polymer has a
higher organic content and contains a greater number
of unsaturated carbon centers.
Emission Spectroscopy. Most of the lines in the

carbosilane emission spectra30 originate from electronic
transitions within the hydrogen molecule (230-310 nm
vibrational-rotational continuum, 363.3, 367.3, 379.9,
385.8, 387.1, 388.6, 406.1, 406.6, 406.9, 417.4, 420.1,
422.0, 433.8, 449.0, 449.6, 455.4, 458.0, 461.5, 463.2, and
461.5 nm)31,32 and hydrogen atom Balmer lines (486.1
and 434.1 nm).33 Other strong lines are due to the C3Πu
f B3Πg transition for a nitrogen molecule:34 315.9 nm
(v′ ) 1, v′′ ) 0), 337.1 nm (0, 0), and 357.7 nm (0, 1). It
is important to take into consideration that these
nitrogen lines are weaker by an approximate factor of

Figure 3. Transmission FTIR spectra of powdered glow
discharge deposit: (a) TMS (W/FM ) 280 MJ/kg); (b) HMDS
(W/FM ) 120 MJ/kg). Key: Stretching (s), rocking (r), bending
(b), scissoring (x), and wagging (w).

Figure 4. 13C NMR spectra of powdered glow discharge
deposit: (a) TMS (W/FM ) 280 MJ/kg); (b) HMDS (W/FM )
120 MJ/kg).

Figure 5. 29Si NMR spectra of powdered glow discharge
deposit: (a) TMS (W/FM ) 280 MJ/kg); (b) HMDS (W/FM )
120 MJ/kg).
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2000 compared to their intensity in a pure nitrogen
plasma, and therefore the actual amount of molecular
nitrogen in the reactor during plasma polymerization
must be less than 0.05%. A very weak emission line is
discernible at 493.6 nm, which is probably due to the
A2Π f X2Σ transition for a CN radical35,36 (CN radicals
are widely reported to be present as impurity species
in hydrocarbon glow discharges37). Finally, a band
corresponding to the A2∆ f X2Π transition for a CH
radical was observed at 431.4 nm.38,39
At high deposition rates (W/FM ) 120 MJ/kg), the

HMDS glow discharge does not exhibit much emission
from atomic or molecular hydrogen, Figure 6. On
raising the RF power (W/FM ) 230 MJ/kg), the molec-
ular hydrogen features undergo a greater increase in
signal strength relative to the atomic hydrogen lines.
This observation can be explained by referring to the
emission spectra from pure hydrogen plasmas at dif-
ferent inlet gas pressures, Figure 7: the atomic and
molecular hydrogen intensities increase at higher hy-
drogen pressures. Therefore it can be concluded that
more atomic and molecular hydrogen formation occurs
in the case of the W/FM ) 230 MJ/kg HMDS glow
discharge.
For the TMS glow discharges, some gaps are clearly

evident within the 225-350 nm molecular hydrogen
emission continuum: at 238-240, 243-247, 255-258,
290-293, and 298-313 nm, Figure 8. The most likely
explanation for these absences is that the TMS plasma
medium contains unsaturated species which are strongly
absorbing at these wavelengths. For instance, acetylene
absorbs in the 220-240 nm range;40,41 another possibil-
ity may be the propargyl radical (CH2sCdCH) which
exhibits diffuse bands at 290-345 nm (strongest being
at 332, 321.7, and 311.9 nm42) or perhaps diacetylene

which has 700 narrow bands between 297 and 206.8
nm.43

Discussion
Plasma polymerization processes are widely regarded

as being highly complex in nature. Typically, they
involve dissociation, generation, and recombination of
polymerizable species within either the partially ionized
gas itself and/or at the substrate surface.44-46 Such
reactions are perpetuated by electron impact and ul-
traviolet radiation. In simple terms

where A and B may be individual atoms or molecular
fragments which generate activated species A* and B*
(ions and radicals). These intermediates can subse-
quently recombine to form new chemical species or
impinge onto a substrate (which may also have been
activated by the plasma), leading to the formation and
growth of a plasma-polymerized layer:

This description is appropriate for short plasma
polymerization periods and low deposition rates; how-
ever powdered material can be generated by using
either longer times (polyethylene films coated with thick
carbosilane plasma polymer layers tend to curl up due
to large internal stresses47,48) or higher depostion rates.49
XPS, FTIR, and solid state NMRmeasurements show

that [CH3]nSi linkages are the major functionalities for
both TMS and HMDS plasma polymers. It can also be
concluded from XPS and FTIR that the TMS product
contains a higher proportion of organic species. The
brown appearance of freshly deposited polymerization
products is indicative of unsaturated centers. The fact
that HMDS plasma polymer discolors with time, whereas
its TMS counterpart remains brown and possesses a
smaller H/C elemental ratio, is consistent with the latter
material containing a higher proportion of sp2 carbon
centers. The lower Si(2p) XPS binding energy value for
the TMS plasma polymer can be explained in terms of
this material being effectively electron-rich in view of
its unsaturated character. Solid state NMR experi-
ments are in agreement with the aforementioned de-
scription, since the 13C sp2 and the 29Si [CH3]3Si-
[CHdCHR] environments are of greater intensity for
the TMS experiments. Emission spectroscopy of the
TMS glow discharge provides further evidence for the

Figure 6. Emission spectra of HMDS glow discharges: (a)
W/FM ) 120 MJ/kg; (b) W/FM ) 230 MJ/kg.

Figure 7. Emission spectra of pure molecular hydrogen glow
discharges (10 W): (a) 0.2 Torr; (b) 0.3 Torr.

Figure 8. Emission spectra of TMS glow discharges: (a)W/FM
) 140 MJ/kg; (b) W/FM ) 280 MJ/kg.

A-B98
e-/hν

A* + B*

A* + substrate* f substrate-A
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generation of chromophoric/unsaturated moieties during
plasma polymerization.
Estimated bond energy values are as follows:50-52 Si-

Si (196 kJmol-1), Si-C (292 kJmol-1), and C-H (416
kJmol-1). Incorporation of [CH3]nSi species into the
plasma polymers (as detected by NMR, FTIR, and mass
spectrometry25) is consistent with the rupture of [CH3]3-
Si-Si[CH3]3, [CH3]3Si-CH3, and [CH3]3SiCH2-H bonds.
The only structural difference between the TMS and
HMDS precursors is the Si-Si linkage present in the
latter molecule. The greater reactivity of the HMDS
monomer must therefore arise from its chromophoric
Si-Si linkage. HMDS is reported to undergo homolytic
fission during thermal decomposition:50

Electron-molecule53 and photon-molecule54 reactions
are likely to be two of the key processes responsible for
ionization and dissociation within the HMDS glow
discharge:

Intermediate silene species can readily propagate
chain growth due to their diradical nature.55 Also, the
following reaction is likely to be important,56 since
emission spectroscopy has shown that the HMDS glow
discharge contains a significant amount of atomic
hydrogen:

Such trimethylsilicon species may undergo reaction
with free radical centers at the substrate surface,57
whereas for TMS, plasma polymerization will only occur
after a number of fragmentation and rearrangement
steps (hence the prerequisite for higher glow discharge
energies in this case). Extensive breakdown of the
incoming precursor molecule, and greater sputtering of
the growing plasma polymer layer are more likely to
generate unsaturated linkages.

Conclusions
Plasma polymerization of the structurally related

tetramethylsilane (TMS) and hexamethyldisilane
(HMDS) molecules results in extended organosilicon
networks. TMS plasma polymer contains a higher
proportion of organic entities and possesses a significant
degree of unsaturation, whereas the HMDS-derived
material has a greater number of [CH3]nSi linkages.
These differences in plasma product can be related to
the mode of precursor decomposition within the noniso-
thermal glow discharge. TMS has to undergo a rela-
tively greater extent of fragmentation in order to
generate solid-forming moieties. In contrast to this,
HMDS is capable of easily decomposing under milder
conditions to form polymerizable species due to its
inherently weak [CH3]3Si-Si[CH3]3 linkage.
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