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ABSTRACT: The effect of the incorporation of oxygen and nitrogen on the structure of films obtained by
PECVD of hexamethyldisiloxane (HMDSO)-He-N2 and HMDSO-He-O2 mixtures is investigated using
infrared and Raman spectroscopies. From transmittance spectra of films deposited onto single-crystal
KBr disks, the transverse optical (TO) and longitudinal optical (LO) functions in the mid-infrared region
were calculated. To correlate structural aspects with the observed LO-TO splittings, an identification
analysis of functional group based on the infrared and Raman literature was made. It was concluded
that the structure of the films deposited from HMDSO-He-O2 discharges was strongly dependent on
the proportion of oxygen in the gas feed. In the absence of oxygen, i.e., for a discharge of a HMDSO-He
mixture, the resulting film consisted of a network of interconnected siloxane and carbosilane units.
Addition of O2 precluded the formation of methylene bridges and induced the formation of a material
enriched with Si-O-Si groups. Films formed from the HMDSO-He-N2 plasmas, on the other hand,
consisted mainly of interconnected siloxane and carbosilane units in addition to a small quantity of silazane
units. On the basis of these results, we propose an interpretation for the variation of the LO-TO splitting
amplitude for the asymmetrical stretching mode (AS1) of Si-O in Si-O-Si groups as a function of the
oxygen or nitrogen incorporation into the films.

Introduction

Organosiloxane films produced by plasma-enhanced
chemical vapor deposition (PECVD) have been widely
investigated as candidates for a large variety of applica-
tions. These comprise biocompatible coatings for medical
implants,1 permselective membranes,2 oxygen barrier
coatings on polymers for the packaging industry,3 and
low dielectric constant interlevel dielectrics in micro-
circuits.4 This ample range of prospective applications
is due to the unique properties of these materials, such
as chemical inertness, hardness, thermal stability,
insolubility, coherency, and adherence to several types
of substrates.1-12 Furthermore, as most materials syn-
thesized by PECVD, organosilicone films may form
uniform films on substrates with complex topologies. For
the production of organosilicone films by PECVD,
several monomers have been used, including those not
polymerizable by conventional means. However, re-
cently, organosilicones such as hexamethyldisiloxane
(HMDSO) began to replace the often used, but hazard-
ous monomers such as silane, which is pyrophoric.
Furthermore, HMDSO has the added advantages of
lower cost relative to silane and tetraethoxysilane
(TEOS) and a higher room temperature vapor pressure
(48 Torr) than TEOS (4 Torr).9

This work presents an investigation on the structure
of thin films deposited from plasmas of HMDSO-He-
O2 and HMDSO-He-N2 mixtures. A number of studies

carried out in films deposited from plasmas of HMDSO
mixed with other gases have shown that they strongly
influence film structure and composition. Highly reac-
tive oxygen and nitrogen species were formed from the
addition of O2 or N2 to the plasma, resulting in the
incorporation of these elements into the films. Further-
more, the atomic oxygen species react with carbon,
forming volatile CO and CO2 species and thus reducing
the amount of carbon incorporated into the film. While
the physical properties of films of low carbon content
approach those of silicon oxide, nitrogen-containing
organosilicone films may find useful applications. It has
been reported that silicon nitrided oxides suppress the
dopant diffusion across the oxide-silicon interface, and
since their electrical properties are essentially as good
as those of conventional oxides, they are particularly
suited for dielectric gates.13,14 Another important struc-
tural issue concerning these films is whether and in
which conditions the incorporation of Si-CH2-Si groups
take place. The partial replacement of the oxygen atoms
of a pure silica network by methylene groups has
generated materials exhibiting good insulating and
thermal properties, such as high thermal stability and
high thermal conductivity.15-17

In the present work, film characterization was carried
out by vibrational spectroscopy. For the infrared char-
acterization, a recently reported approach employed to
investigate films deposited from discharges of tetra-
methylsilane-Ar-O2 mixtures was used.18 It consists
of the determination of the dielectric functions of the
samples by means of Kramers-Krönig analysis of their
transmittance spectra. Such an approach allows the
assessment of both longitudinal (LO) and transverse
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(TO) optical functions.19,20 Raman spectroscopy was
another important characterization technique used
here. Though some work has been reported21-23 in
characterizing pure organosilicon molecules using Ra-
man spectroscopy, little has been reported on the use
of this technique to characterize films produced by
PECVD, and therefore, our results can be used as a
reference in future applications of Raman spectroscopy
to characterize siloxane networks.

Experimental Section
The reactor employed for the PECVD synthesis is a radio-

frequency reactor that has been described in our previous
paper.18 All depositions were carried out at the HMDSO partial
pressure of 2.5 Pa and the radio-frequency power of 50 W. The
O2, N2, and He flow rates used to deposit the various films
are listed in Table 1. The samples were labeled according to
the gas mixture used in their preparation. As substrates, we
have used single-crystal KBr disks and aluminum-coated glass
slides. Table 1 also lists the film thickness, obtained with a
high-resolution profilemeter (Dektak 3) and the index of
refraction at λ ) 632.8 nm, determined using the Abeles
method.24

The infrared spectra were obtained for all samples in a
Bomen MB-101 FT-IR spectrometer equipped with a DTGS
detector. The spectral range covered was 400-5000 cm-1. Each
spectrum was the result of co-adding 64 scans collected at 4
cm-1 resolution. The transmission and reflection-absorption
spectra were obtained from films deposited on KBr disks and
aluminum-coated glass slides, respectively. For the reflection-
absorption measurements, a variable-angle attachment (SPE-
CAC) was used. The incidence angle was 70° off-normal, and
the incident beam was p-polarized. Polarization was provided
by the insertion of a grid polarizer (SPECAC) in the optical
path. All reflection-absorption measurements were referenced
to an aluminum mirror, whereas the transmission ones were
referenced to a bare KBr disk.

Raman spectra of the films supported on Al-coated glass
were acquired in a Jobin Yvon T64000 spectrometer attached
to a microscope. An Ar+ laser at λ ) 514.5 nm and 100 mW
output power was used for excitation. Both the Raman and
the infrared spectra were taken at room temperature.

The infrared data analysis used here has been described
elsewhere.18 In brief, the determination of the optical constants
(refractive and absorption indices, n and k, respectively) was
performed using the Kramers-Krönig analysis (KKA) of
transmission data.25 From the absorption spectrum of a film
of known thickness deposited on a transparent KBr disk, k(λ)
is determined. From k(λ) and the value of n∞ (the refraction
index of the material in the visible range), n(λ) can be
determined by means of the KKA. The calculations were
carried out following a previously described algorithm.26

Once the n(λ) and k(λ) functions are obtained, the complex
dielectric function ε̃ ) (n + ik)2 can be calculated. Finally, the
TO and LO functions, whose maxima correspond to the
vibrational modes TO and LO, respectively, can be determined
from the following equations:27

To check the quality of the retrieved optical constants, a
test outlined in our previous paper was performed.18 In brief,
it consists of simulating reflection-absorption spectra of a thin
film deposited on aluminum taken at an incidence of 70°, using
p-polarized light and comparing them with experimental ones.
The simulation is carried out through the Fresnel equation
for a three-phase layered system.27

Results
Spectral Data and Chemical Groups Forming

the Solid Films. Samples were divided into two
groups: the O and the N group. Films deposited from
plasmas of HMDSO-He-O2 and HMDSO-He-N2 mix-
tures belong to the O and the N group, respectively. The
sample deposited from the HMDSO-He mixture was
added to both groups and is considered to be their
baseline to investigate the effects of O2 and N2 dilution.

LO and TO functions in the low-frequency region and
Raman spectra for samples of the O group are shown
in Figure 1 while those for the samples of the N group
are shown in Figure 2. Figure 3 exhibits TO functions
of all samples in the high-frequency region. Only the
TO functions are shown in this figure because LO and
TO functions are nearly superimposed in the frequency
range presented.

Band assignments for both IR and Raman bands were
made according to theoretical and experimental studies
on model silicon-containing molecules.21-23,28-31 Tables
2 and 3 summarize the assignments of the main

Table 1. Flow Rates Used for Film Deposition, Film
Thickness, and Refractive Indexa

sample
FO2

(sccm)
FHe

(sccm)
FN2

(sccm) d (µm)
n

(λ ) 633 nm)

He100 0 100 0 1.15 1.49
O50 50 50 0 1.50 1.48
O100 100 0 0 1.16 1.43
N50 0 50 50 0.60 1.53
N100 0 0 100 0.50 1.60

a FO2, FN2, and FHe are flow rates of O2, N2, and He; d and n are
the film thickness and refractive index, respectively.

TO function ) Im(ε̃)

LO function ) Im(-1/ε̃)

Figure 1. LO (dotted lines) and TO (full lines) functions in
the infrared low-frequency region (top) and Raman spectra of
the samples in the O group (bottom).
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observed bands in the IR and Raman spectra, respec-
tively. In the case of Raman spectra, three low-intensity
bands could not be assigned, as indicated in Table 3.

To make assignments for the IR bands, only TO
modes were considered since all the literature available

on this subject is based on transmission measurements
taken at normal incidence, with which only TO modes
can be detected. A detailed discussion on the observed
chemical groups of the deposited films is presented
below:

Si-O Groups. In Figures 1 and 2, both TO and
Raman spectra exhibited clear-cut bands related to Si-
O-Si groups: at ∼1030 cm-1 in the IR spectra and at
∼500 cm-1 in the Raman spectra. The IR bands at
∼1030 cm-1 are attributed to the asymmetrical stretch-
ing mode of Si-O-Si groups and lie at a frequency
range that is characteristic of a suboxide configuration7

or a polymeric siloxane.8 These bands are termed AS1
in analogy to the nomenclature currently used for the
same mode in vitreous SiO2 (v-SiO2).18,33 The variation
of the AS1 band position was small: it lied between
1024 and 1034 cm-1 for all samples.

The Raman band at ∼500 cm-1 is attributed to the
Si-O symmetrical stretching (SS) mode in Si-O-Si
groups.28 For thermal SiO2, it lies at 810 cm-1 and is a
weak IR band.33 Actually, both its Raman or IR activity
and position are known to be strongly related to the
intertetrahedral Si-O-Si bond angle. In our case, we
have to consider the fact that our films have a high
amount of methyl groups, and therefore, the SS mode
may be influenced by their presence. The presence of
methyl groups allows the Si-O-Si bond angle to
assume values that are higher than that of v-SiO2, for
which this bond angle averages about 134° according
to recent theoretical studies.34 For silsesquioxanes
containing organic side groups, Calzaferri and co-
workers35,36 have shown that the Si-O-Si bond angle
vary from 144° to 153°. Recent theoretical studies
carried out by McKean28 indicate that for the HMDSO
molecule the SS mode is not IR-active, and the most
stable molecular configuration was attained when the
Si-O-Si bond angle was 149°. These pieces of informa-
tion suggest that the absence of the SS-mode-related
band in the IR spetra and its position in the Raman
spectra (very close to that observed for the HMDSO
molecule28) can be explained by an average intertrahe-
dral angle higher than that calculated for v-SiO2 and
closer to those observed for silsesquioxane structures
and for the HMDSO molecule.

For samples O50 and O100, the Raman spectra
exhibit a low-intensity band at 595 cm-1, which, ac-
cording to Gleason and co-workers,37 can be attributed
to an organically substituted ring consisting of three
siloxane units, bound to the siloxane network.

Si(CH3)x Groups. Several bands related to methyl
groups bonded to silicon atoms are present in the TO
and Raman spectra of Figures 1 and 2. In the IR spectra,
the most obvious one is the asymmetrical deformation
of methyl groups in Si(CH3)x groups. For sample He100
and those of the N group it lied invariably at 1252 cm-1.
However, for samples of the O group, this band blue-
shifted up to 1272 cm-1. As pointed out in our previous
work,18 this band is sensitive to the presence of elec-
tronegative atoms such as oxygen bonded to the same
silicon atom to which the methyl group is bonded. We
also observed in the IR spectra of all samples a very
low-intensity band at 1400 cm-1, which is attributed to
the symmetrical deformation of methyl groups in Si-
(CH3)x.30 Both these symmetrical and asymmetrical
deformations are also Raman-active and appear in the
spectrum of Figures 1 and 2 at frequencies in the
interval between 1254 and 1273 cm-1 for the sym-

Figure 2. LO (dotted lines) and TO (full lines) functions in
the infrared low-frequency region (top) and Raman spectra of
the samples in the N group (bottom).

Figure 3. TO functions in the high-frequency region for all
the samples deposited on KBr.
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metrical mode and around 1410 cm-1 for the asym-
metrical mode. However, in Raman spectra, the asym-
metrical mode is more intense than the symmetrical
one, as can be seen in Figures 1 and 2. It is important
to remark that the band related to this symmetrical
mode, at 1254 cm-1 in the He100 sample, also blue-
shifted up to 1273 cm-1 for the O group samples.

In the 600-900 cm-1 range, we observed several
bands that are related to Si-C stretchings and methyl
rockings in Si(CH3)x groups (cf. Tables 2 and 3) in both
IR and Raman spectra. These bands are useful for
characterizing the presence of monomethyl-, dimethyl-,
and trimethyl-substituted silicon.30 Si-Me3 groups have
three characteristic bands in both IR and Raman
spectra: (i) at ∼685 cm-1, (ii) at ∼755 cm-1, and (iii) at
∼840 cm-1. All of them are assigned both to methyl
rockings and Si-C stretchings. All these bands ap-
peared for samples in the N group. However, samples
in the O group exhibited only the band at ∼840 cm-1,
which indicates that the amount of SiMe3 groups is
small in these samples. As for Si-Me2 groups, we
observed a characteristic band between 790 and 800
cm-1 in the IR spectra for all samples. However, Raman
spectra showed this band only for samples O50 and

O100. The other Si-Me2-group-related Raman band at
∼710 cm-1 was also observed only for samples O50 and
O100. Probably the high intensity of the band related
to Si-Me3 (at ∼688 cm-1) overlaps them for the other
samples. Si-Me1-group-related bands were observed
only for samples O50 and O100 (at ∼775 cm-1) and both
in the Raman and in the IR spectra.

As can be seen in Figure 3, the frequencies of the
symmetrical and asymmetrical C-H stretchings in
methyl groups (∼2900 and ∼2957 cm-1, respectively, for
sample He100 and those of the N group) are also very
characteristic of methyl groups bonded to silicon.30 For
the O group samples, a small blue shift of these bands
is observed with respect to those of the He100 sample.

An important information that can be drawn from the
IR data shown in Figures 1 and 2 is that a significant
amount of Si(CH3)3 groups are incorporated in the films
deposited in the absence of oxygen. This is easily
inferred if we consider the band at ∼680 cm-1, which is
related to Si(CH3)3 groups and is known to be very
weakly IR-active,21 and therefore its very observation
is proof that a significant amount of Si(CH3)3 groups is
present in the solid film. Since this group is a constitu-
tive moiety of the precursor molecule, this is an indirect
evidence that the degree of fragmentation is higher in
the presence of oxygen.

Si-N and N-H Groups. Only IR spectroscopy
accused the presence of Si-N bonds in samples of the
N group through a band related to the asymmetrical
stretching of Si-N groups.21 There has been a recent
discussion over the band position differences related to
the local configuration of nitrogen atoms in silicon
networks, i.e., whether it is connected to two or three
silicon atoms.38 The former configuration is supposed
to give rise to a band in the 950-900 cm-1 range,30 while
the latter, which is the silicon nitride configuration, is
expected at much lower frequencies (around 860 cm-1).
For samples N50 and N100, the band lied at ∼935 cm-1,
which is consistent with the presence of silazane
moieties. This is confirmed through the observation of
N-H stretching bands at around 3370 cm-1, as shown
in Figure 4.

Si-CH2-Si Groups. The formation of carbosilane
moieties in samples He100, N50, and N100 was con-
firmed by the observation of a low-intensity IR (Figure

Table 2. Wavenumber of Bands in the TO and LO Spectra of Films Deposited on KBra

band position (cm-1)

He100 O50 O100 N50 N100

TO LO TO LO TO LO TO LO TO LO assignmentb ref

443 455 FSi-O in Si-O-Si 30
683 683 683 683 683 683 νS,Si-C3 29

780 FMe,νSiC in Si-Me1 30
754 754 754 FMe,νSiC in Si-Me3 30
793 803 800 809 800 809 790 803 790 806 FMe,νSiC in Si-Me2 30
838 848 844 851 844 848 835 848 838 848 FMe,νSiC in Si-Me3 30
908 908 904 908 908 908 908 908 νAS,SiO in Si-O-H 30

934 934 937 937 νAS,SiN in Si-N-Si 21
1024 1075 1024 1137 1034 1160 1027 1066 1027 1066 νAS,SiO in Si-O-Si 30
1252 1262 1268 1275 1272 1278 1252 1262 1252 1262 δS,Me in Si-Mex 30
1354 1354 1355 1355 1355 1355 γCH2 in Si-CH2-Si 23
1410 1410 1411 1411 1411 1411 1410 1410 1410 1410 δAS,Me in Si-Mex 30

1619 1619 1626 1626 νCdO 32
1714 1714 1699 1699 νCdO 32

2123 2123 2125 2125 2130 2130 νSi-H 30
2900 2900 2911 2911 2911 2911 2901 2901 2903 2903 νS,C-H in Si-Mex 30
2958 2958 2963 2963 2970 2970 2957 2957 2956 2956 νAS,C-H in Si-Mex 30
a Assignments are made from the literature for the TO modes. b ν, δ, F, and γ denote stretching, bending, rocking, and scissoring

modes, respectively; AS and S denote asymmetric and symmetric vibrations.

Table 3. Raman Shift Wavenumbers for Films Deposited
on Al-Coated Glass Substratesa

band position (cm-1)

He100 O50 O100 N50 N100 assignmentb ref

508 494 494 511 519 νS,SiO in Si-O-Si 28
595 596 νS,SiO in Si-O-Si 37

643 646 654 FMe,νSiC in Si-Me1 30
688 688 698 FMe,νSiC in Si-Me3 30

709 709 νS,SiC in Si-Me2 30
754 758 766 FMe,νSiC in Si-Me3 30

774 774 ?
797 797 νAS,SiC in Si-Me2 30

842 850 843 842 842 FMe,νSiC in Si-Me3 30
919 918 921 918 917 ?

1254 1268 1273 1260 1257 δS,Me in Si-Mex 30
1299 1296 1298 1296 1298 ?
1357 1355 γCH2 in Si-CH2-Si 30
1409 1414 1413 1410 1411 δAS,Me in Si-Mex 30

a Assignments are made from the literature. b ν, δ, F, and γ
denote stretching, bending, rocking, and scissoring modes, respec-
tively; AS and S denote asymmetric and symmetric vibrations.
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5) and Raman band at ∼1350 cm-1. Such band is
attributed to a scissoring mode of methylene (γCH2) in
Si-CH2-Si groups.23,39 Since it is very weakly active
in the infrared, its very appearance in the spectra shows
that the amount of these groups forming the solid film
is significant. It is usually accompanied by the meth-
ylene wagging mode, which for the Si-CH2-Si group
lies at ∼1030 cm-1,23,39 but it could not be observed in
our spectra due to its proximity to the intense Si-O
asymmetrical stretching mode. It is interesting to notice
that the methylene scissoring band is not observed at
all in the spectra of samples O50 and O100.

The Si-(CH2)n-Si group in silica-like structures (with
1 e n e 3) has been recently investigated by Sugahara
and co-workers.15-17 For the film with n ) 1, they did
observe a band at ∼1360 cm-1, which was attributed to
the γCH2 in Si-(CH2)-Si. It is important to stress that
this band was not accompanied by the methylene C-H
stretching bands. However, for films with n ) 2, they
have not observed the band at ∼1360 cm-1 and started
to observe both the C-H stretchings and two bands at
1280 and 1160 cm-1. The latter is related to Si-CH2-
CH2-Si.30 Therefore, it seems that the presence of
successive methylene groups play an important role in
the intensity and the position of CH2-related bands.

Si-H Groups. A band at ∼2125 cm-1, attributed to
the Si-H stretching vibration, was observed in the IR
spectra of samples He100, N50, and N100 (Figure 3).
Since this mode is known to be strongly IR-active,40 the
low intensity of the observed bands indicates that the
presence of these groups within these samples is only
marginal.

Other Groups. The stretching of the carbonyl group
was observed in the spectra of samples O50 and O100.31

This shows that the incorporation of carbonyl groups is
relevant only for films deposited from O2-diluted HMD-
SO plasmas. We also observed the presence of sylanol
groups, especially in samples O50 and O100.

Important exclusions were also made from the spec-
troscopic data. Raman spectroscopy provided very useful
information: the spectra did not show any band that
could be attributed to Si-Si bonds (a band related to
Si-Si groups would be expected at ∼425 cm-1).37

Another general information is that the incorporation
of methyl groups bonded to oxygen atoms was not
observed (a very characteristic band related to this
group should be observed at ∼2850 cm-1).41

Film Structure. From the band assignments made
above, we have built Table 4, containing several types
of chemical units consisting of a central silicon atom
bonded to bridging oxygen atoms or methylene groups
or to network-terminating methyl groups. These units
are thus distorted tetrahedra centered on silicon atoms
and will be used in the discussion hereafter. The
siloxane tetrahedra are labeled according to the con-
ventional nomenclature used for silicon polymers; i.e.,
M, D, T, and Q represent silicon atoms with increasing
number of oxygen substituents. We have also included
in Table 4 tetrahedra containing methylene bridging
units, which were labeled according to the following
example: MCH2 stands for a tetrahedra having one
bridging oxygen and one bridging methylene unit. Note
that Table 4 is not intended to be a rigorous summary
of the silicon bonding environments present in our films,
but it certainly describes the principal ones, disregard-
ing the presence of traces of Si-H, CdO, and Si-OH
groups. Tetrahedra having NH as bridging units, de-
tected for samples deposited in the presence of N2, were
not included in Table 4 either because its incorporation
is only marginal.

In general, the physical properties of all samples show
evidence of intense cross-linking, since they are coher-
ent, hard, and insoluble to common solvents such as
propanol and acetone.

We have observed that, according to the deposition
parameters, the bridging units between the silicon
tetrahedra can be either oxygen or methylene or both
of them. In cases in which both of the bridging units
coexist, there is a certain difficulty with band assign-
ment because the most intense band related to Si-
CH2-Si groups, the wagging of methylene groups in this
chemical environment,33 appears in a region very close
to the strong asymmetrical stretching of Si-O in Si-
O-Si groups. The differentiation can be made through
a very weak band at ∼1350 cm-1, which is attributed
to the scissoring mode of methylene in Si-CH2-Si
groups,8,23,33 as discussed above. Since this band is very
weakly active in the IR, its very presence indicates
significant amounts of this group in the film. The
incorporation of methylene bridges only in samples
He100, N50, and N100 is intriguing. To attempt to

Figure 4. Reflection-absorption spectra in the N-H stretch-
ing region obtained for samples deposited on Al-coated glass
slide.

Figure 5. Magnified TO functions for all samples in the
region of the scissoring of CH2 in Si-CH2-Si groups.

Macromolecules, Vol. 37, No. 2, 2004 Films of Organosiloxane Networks 463



explain this observation, we have relied on recent
studies of intermediate gas-phase precursors during
PECVD of HMDSO.3,42,43 According to them, two com-
mon fragmentation processes occurring in HMDSO
plasmas are methyl and hydrogen abstraction. A meth-
yl-abstracted HMDSO species presents a reactive silicon
that can oligomerize by reaction with a hydrogen-
abstracted HMDSO species. This mechanism would
justify the incorporation of methylene bridges within the
structure of samples He100, N50, and N100. However,
for oxygen-diluted plasmas,3 the prompt reaction be-
tween oxygen species and methylene from hydrogen-
abstracted HMDSO species forming combustion gases
may preclude the incorporation of CH2 bridges.

The characteristics of the samples deposited according
to the monomers and diluent gases are summarized in
Table 5.

The films seem to be consisted of random networks
containing no domains of a specific type of tetrahedrum.
Otherwise, the different Si-O-Si group environments
would give rise to band broadening and even to clear-
cut band splittings. At this point, it is interesting to
compare our results to those obtained by Gleason and
co-workers for flexible siloxane films with a high
polymeric character,37,44 for which the AS1 mode splits
into two resolved bands similar to poly(dimethylsilox-
ane). The difference between the spectra of our films
and those obtained by Gleason and co-workers high-
lights the network character of our films.

It is known that a polymethylsiloxane polymer with
a composition of 30% T and 70% D groups is a liquid at
ambient conditions, and more cross-linked polymethyl-
siloxanes remain resinous up to a compostition of about
90% T and 10% D groups.37 Therefore, although not
straightforward from the spectral analysis, the presence
of Q and/or TCH2 groups in our samples is seemingly
obvious due to the physical properties of the films

(solidity and insolubility in common solvents) and due
to the absence of evidence for the presence of Si-Si
groups.

LO-TO Splittings. The LO-TO splitting is an effect
that has been observed for both amorphous and crystal-
line materials. In the area of amorphous materials, the
LO-TO splitting for the AS1 mode in vitreous silica is
well-documented33,45-48 and can be interpreted as due
to a strong long-range Coulombic interaction49 between
the Si-O-Si oscillators as a consequence of their high
density in the films. However, with the exception of our
previous work,18 such splittings had not yet been
observed in silicon-based networks.

Table 6 illustrates the AS1 mode LO-TO splitting
amplitude (∆LO-TO) for the samples of the O and N
groups. For samples of the O group, fairly high ∆LO-TO
values (113 and 126 cm-1) are observed in the two
samples obtained with the oxygen flow rates of 50 and
100 sccm, respectively. For the sake of comparison, the
∆LO-TO value for v-SiO2 is around 185 cm-1.48

For the sample prepared without oxygen in the
discharge, as shown in Table 6, the splitting of the AS1
mode is only 51 cm-1. This low splitting amplitude is
due to the fact that the network is not based only on
oxygen bridges but also on methylene bridges, which
provoke a “dilution” of Si-O-Si units within the film.
Such a “dilution” causes a weakening of the long-range
Coulombic interactions between the Si-O-Si oscilla-
tors, attenuating the LO-TO splitting amplitude.

From Table 6, for the O group samples, a steep rise
of ∆LO-TO can be seem as FO2 varies from 0 to 50 sccm,

Table 4. Possible Ending, Nonbranching, Branching, and Cross-Linking Nodes Present in PECVD Filmsa

a Bridging groups are in boldface letters (for simplification, the 0.5 underscore was omitted in them).

Table 5. Structural Characteristics of the Samples

monomers and
diluent gases samples types of tridimensional networks possible distorted silicon tetrahedra

HMDSO, He He100 organosiloxane and organocarbosilane all those shown in Table 4
HMDSO, He, O2 O50 and O100 organosiloxane M, D, T, and Q
HMDSO, He, N2 N50 and N100 organosiloxane, organocarbosilane,

and organosilazane
all those shown in Table 4 plus a small

amount of NH-bridging units

Table 6. LO-TO Splitting Amplitudes for Samples
Deposited on KBr

sample ∆LO-TO (cm-1) sample ∆LO-TO (cm-1)

He100 51 N50 39
O50 113 N100 39
O100 126
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but FO2 values exceeding 50 sccm promote only a small
increase in ∆LO-TO. An increased oxygen incorporation
is accompanied by an increase in the concentration of
defects in the film, as evidenced by the appearance of
sylanol group-related bands (cf. Figure 3). Clearly, the
defects decrease the LO-TO amplitude since they
contribute to the weakening of the long-range Coulombic
interaction between the Si-O-Si oscillators. The trend
of the LO-TO splitting amplitude as a function of FO2

for the O group samples, i.e., the sudden increase in
∆LO-TO for FO2 ) 50 sccm and the leveling-off for higher
FO2 values, is similar to that observed in our previous
investigation of films deposited from plasmas of tet-
ramethylsilane-O2 mixtures.18 As in the present work,
it was observed that an excess of O2 in the chamber
promoted an increase in the concentration of defects in
the film.

For the samples of the N group, as shown in Table 6,
the addition of N2 in the HMDSO-He discharge at-
tenuates the LO-TO splitting amplitudes to values
even smaller than that of the He100 sample. This
decrease is due to the fact that, besides oxygen and
methylene bridges, there are also NH bridges, rendering
the long-range interactions among Si-O-Si groups
even weaker.

All these observations are very relevant since the
position of the AS1 band is very steady for all samples,
regardless of the deposition parameters, so that further
structural information could not be drawn from its
position. On the other hand, we have shown that the
LO-TO splitting is very sensitive to structural charac-
teristics of the materials under investigation. Thus, the
analysis of the LO and TO functions, rather than only
the original transmittance spectra, opens new perspec-
tives on the applications of IR spectroscopy.

It is important to notice that appreciable LO-TO
splittings were not observed for all bands in the IR
spectra. In the high-frequency region (Figure 3), for
instance, the LO and TO functions are nearly superim-
posed. Such a superposition may be due to a small
oscillator strength or to a possible “dilution” within the
solid so that they are not able to undergo long-range
Coulombic interactions. It is also important to remark
that the LO-TO splittings have implications on the
analysis of infrared reflection-absorption spectra taken
at conditions through which the Berreman effect,50,51

can be observed, as exemplified in our previous work.18

Conclusions

Films of diversified structures were obtained from
plasmas of HMDSO-He, HMDSO-He-O2, and HMD-
SO-He-N2. While most of our conclusions were drawn
from IR data, the use of Raman spectroscopy was very
useful as a complementary investigation technique,
corroborating the assignments of various IR bands and
revealing structures not obsevable from the IR spectra.
A careful band assignment allowed the following infer-
ences: (i) the film deposited from the HMDSO-He
mixture was constituted of interconnected siloxane and
carbosilane units, (ii) those deposited with oxygen in the
gas feed were constituted only by interconnected silox-
ane units, and (iii) those deposited with nitrogen in the
gas feed were similar to that obtained from the HMD-
SO-He mixture with the incorporation of small amounts
of silazane units. Both the TO and LO spectra were
obtained for all samples. It was observed that the LO-
TO splitting amplitude of the asymmetrical stretching

mode of Si-O in Si-O-Si groups is sensitive to the film
structure, while its TO band position is not.
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