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THE STRUCTURE OF LOW-k TO EXTREME LOW-k SCOH DIELECTRICS -
FTIR CHARACTERIZATION

Alfred Grill and Deborah A. Neumayer
IBM T. J. Watson Research Center, Y orktown Heights, NY 10598

ABSTRACT

Carbon doped oxide dielectrics comprised of Si, C, O, and H (SICOH) have been
prepared by plasma enhanced chemical vapor deposition (PECVD) from mixtures of
tetramethylcyclotetrasiloxane (TMCTS) and an organic precursor. The films have been
analyzed by determining their elemental composition and by Fourier trarsform infrared
spectroscopy (FTIR) with deconvolution of the absorption peaks. The analysis has shown
that PECVD of TMCTS produces a highly-crossdinked networked SICOH film.
Dissociation of TMCTS appears to dominate the deposition chemistry as evidenced by
the multitude of bonding environments and formation of linear chains and branches.
Extensive crosslinking of TMCTS rings occurs through SkSi, SkCH,-Si, S-O-Si, and Sk
CH2-O-S moieties.

The films deposited from mixtures of TMCTS and organic precursor incorporate
hydrocarbon fragments into the films. This incorporation occurs most probably through
the reaction of the organic precursor and the SktH bonds of TMCTS. Annedling the
SICOH films deposited from TMCTS and organic precursor results in a large bss of
carbon and hydrogen from the films resulting from the fragmentation and loss of the
incorporated organic component. The deconvolution of the S-O-Si asymmetric stretching
band of the annealed films shows the existence of alarger fraction of a cage structure and
a correspondingly smaller fraction of a networked (highly crosslinked) structure in the
SiCOH films deposited from mixtures of TMCTS with organic precursor relative to the
films deposited from TMCTS only. The evolution of the volatile hydrocarbon fragments
during annealing results in the formation of nanopores and subsequent reduction of the
dielectric constants of the films to extreme low-k values.

INTRODUCTION

The replacement of the oxide dielectric in ULSI devices with a low dielectric
constant (k) material has been delayed continuously and has caused outward revisions in
time of the International Technology Roadmap for Semiconductors (ITRS) projections
since 1997. The 2001 ITRS pushed out again low-k dielectric milestones, decelerating
advances to ultralow-k dielectrics (k=1.6-2.2) from 2005 to 2009 [1]. The current “low
k* dielectric is fluorosilicate glass (FSG), which has a k value of about 3.5, only dlightly
lower than that of the silicon dioxide. The main contenders among the PECVD low-k
dielectrics with values of k<3 are amorphous materials from the group comprised of S,
C, O, and H which are deposited in conventional PECVD tools [2] and are known by
different names, including SICOH, SIOCH, carbon-doped oxides (CDO), organosilicate
glasses (OSG), siliconoxicarbides, and severa trade names given by the various
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suppliers who provide processes and tooling for these films. Throughout this paper we
will use the term SICOH to refer to the investigated films.

We have reported elsewhere [3-6] that it is possible to reduce the dielectric constants
of SICOH materials to values as low as k = 2.05, indicating the potential extendibility of
PECVD dielectrics to severa generations of ULSI chips. The dielectric constant is
reduced by adding an organic precursor to the SICOH precursor, thus incorporating
organic fragments in the film, and annealing the deposited films to remove unstable
organic fractions from it. Various amounts of porosity are created in the films through
this process [ 7], emabling the adjustment of the dielectric constant at any value between
2.8 and 2.05 by changing the concentration of the organic precursor in the gas feed to the
plasma [3, 4, 6]. The present paper intends to shed light in the understanding of the
structure of the entire range of SICOH dielectrics using compositional and FTIR analysis.

EXPERIMENTAL

The SICOH films were deposited on S (100) wafers using
tetramethylcyclotetrasiloxane (TMCTS, [MeHSIO]4, Dyn, SisC4H1604) as the precursor
[2]. ‘M€ will be used throughout the paper to denote the methyl radical (-CHs). Helium
was used to carry the TMCTS into a parallel plate PECVD reactor where the plasma was
sustained by a 13.56 MHz RF power supply. The films with reduced-k values were
prepared by admixing an organic precursor (denoted as CH2 in the following) to the
TMCTS + He gas feed and annealing the films afterwards in an inert ambience at 400 °C
[3]. The annealing removes thermally unstable organic fragments and creates porosity in
the material. All results are presented for annealed films unless specified otherwise.

The SICOH films were characterized by Rutherford backscattering (RBS) in
combination with forward recoil eastic scattering (FRES) to determine their atomic
composition. The FTIR spectra were recorded with a Nicolet Nexus 670 spectrometer
using DTGS KBR detector and KBR beam splitter for mid-IR (4000-400 cmi?) data
collection. The background for each spectrum was a piece of uncoated wafer that the
ensuing films were deposited on. To minimize fringing effects and internal reflections,
background and spectra were collected at ~30° angle from the incident beam.
Deconvolution of FTIR peaks was done using the “fit multiple peak Gaussian function”
of Origin 6.0 software. More details on the preparation and characterization of the
SICOH films can be found elsewhere [2-6].

RESULTS AND DISCUSSION

It has been shown previously [4] that the dielectric constant of the annealed SICOH
films decreases with increasing fraction of organic precursor in the gas feed, as shown in
Figure 1. The SICOH film grown with TMCTS only, had a dielectric constant of 2.8. For
sufficient dilution of the TMCTS precursor the dielectric constant reached a value of
2.05. The entire range of SICOH films, with k = 2.8-2.05, & characterized by low
leakage currents of about 10° A/cn? a IMV/cm [4] and relatively low coefficients of
thermal expansion of about 12x10°%/°K [5]. The hardness and elastic modulus of the
SiCOH films decrease with decreasing dielectric constant [5]. It has further been shown
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[7] that the decrease of the dielectric constant is directly related to the decrease of the
density of the films caused by the formation of porosity in the structure, as shown in
Table |. These results indicate that the dielectric constant of the SICOH films is
controlled mainly by the porosity induced in the films and it is of interest to understand
how this correlates with the structure of the films.

Film Composition

The elemental concentration ratios are plotted in Figure 2 as a function of the
CH2/TMCTS ratio in the gas feed to the plasma, for as deposited and annealed SICOH
films. In the SICOH film grown from TMCTS only (CH2TMCTS = 0) theratio C/S =1
isthe same asin the TMCTS precursor. However, the O/Si ratio in the film is higher and
the H/S ratio is much lower than in the TMCTS precursor. The explanation for the
differences in composition between film and precursor will be provided latter. Annealing
of the as-deposited SICOH film grown from TMCTS only results in a dight additional
loss of H from the film.

In the as deposited SICOH films grown with the addition of the organic precursor to
TMCTS at a flow ratio in the gas feed of CH2TMCTS = 0.2 the C/S and H/Si ratios
increase significantly as compared to those in the SICOH film grown from TMCTS only.
As the CH2/TMCTS gas ratio increases, the H/S ratio decreases but the C/Si ratio
remains unchanged, within experimental errors.

Large decreases in C/S and H/Si ratios are observed after annealing the SCOH
films grown from mixtures of TMCTS with the organic precursor. After annealing the
film deposited at a ratio CH2TMCTS = 0.2, nearly half of the C and H in the as-
deposited filmislost, but the O/Si ratio remains unchanged. Furthermore, the C/Si, O/S
and H/Si demental ratios are unchanged, within experimental error, for the annealed
films when the CH2TMCTS flow ratio is increased form 0.2 to 0.5.

FTIR Analysis

Structural characterization of amorphous films is extremely difficult and we used
Fourier transform infrared (FTIR) spectroscopy in the present study to characterize the
different bonding arrangements in the SICOH films. Figure 3 presents the FTIR spectra
of the TMCTS precursor and of severa asdeposited and annealed films. The peak
assignments are listed in Table Il for TMCTS and for annealed SICOH films grown from
TMCTS only (k=2.8) and from TMCTS plus organic precursor (k=2.05). The detailed
justification for the peak assignments is provided in Appendix A. As shown in Figure 3a,
the FTIR spectra of the TMCTS precursor consists of a number of sharp absorptions
consistent with a well defined molecular structure. The peak assignment is
straightforward and is summarized in Table 2.

The FTIR spectrum of the annealed SICOH film grown from TMCTS only (Figure
3b) has broader peaks than the FTIR spectrum of TMCTS, indicating a less defined
molecular structure in the film. Additionally, the FTIR absorption peaks of the film have
shifted to dightly higher wave numbers and new absorptions are observed. Specifically,
in the C-H stretching absorption region, new absorptions at 2916 cm* with a shoulder at
2880 cm* are observed and attributed to stretching of C-H in CH,. Concurrently, the Si
H stretching absorption has shifted to a slightly higher wavenumber at 2178 cmi! and a
new SiH stretching absorption is observed at 2234 cmi. The absorption a 2234 cm
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has been attributed to a bonding arrangement in which the hydrogen is bonded as H- SOs.
[8-14]. A new wesak absorption at 1358 cni’ is observed and assigned to bending of C-
H in SFCH2-S crosslinks [15-19]. The Si-CH3 bending deformation has shifted to a
higher wavenumber at 1273 cmi* and broadened, which might indicate the formation of
SiMe; groups [18].

The S-O-Si asymmetric stretching band of the SICOH film at 1250-950 cmit has
broadened compared to the peak in TMCTS, increased in relative intensity, and appears
to have a peak at 1047 cmit with a shoulder at alarger wavelength. However, the S-O-Si
peak of the SICOH film cannot be deconvoluted in two peaks, but instead has to be
deconvoluted into three peaks centered at 1135, 1063, and 1023 cni as illustrated in
Figure4a[6]. The peak at 1135 cmi? is attributed to larger angle SFO-Si bonds in a cage
structure with a bond angle of approximately 150 °[11-13, 20]. The peak at 1063 crmi? is
assigned to the stretching of smaller angle S-O-Si bonds in a network structure. Some
contribution to this absorption may also come from intact TMCTS rings preserved in the
SICOH film (see first column in Table 11). The peak at 1023 cmi' can be assigned to
stretching of even smaller S-O-Si bond angle, such as might be encountered in a
networked silicon suboxide [21-23]. Some contribution to this absorption may aso
come from bound six-membered [HiMe»4SiO]; rings contained in the SICOH film [16,
17].

The SFO-Si asymmetric stretching band frequency shifts are attributed to changes in
the S-O-Si bonding angle. In fully relaxed stoichiometric thermal silicon oxides grown
at temperatures >1000 °C, the bonding angle is reported to be ~144° with an FTIR
absorption around 1080 cnmi. However, in low temperature stoichiometric silicon oxides,
the FTIR stretching frequency has been shown to decrease from 1080 to 1060 crit as the
Si-O-Si bond angle decreases [21]. In silicon suboxides, a decrease in the frequency of
the SFO-Si asymmetric stretching vibration has also been observed and attributed to the
silicon atoms having one or more non-oxygen neighbors [21, 22] (see Appendix A).
Thus, the SFO-Si asymmetric stretching mode frequency shift is attributed to variations
of bond angles and the broadening of the band is a manifestation of a statistical
distribution of different bonding arrangements at each silicon atom site.

While the SICOH film may contain C-O-C or Si-O-C bonds, any contributions to the
absorptions at 1200-1000 crrit from C-O-C, or Si-O-C asymmetric stretching vibrations
cannot be identified because they overlap with the SFO-Si asymmetric stretching band
[18, 24, 25].

The broad absorption band between 950-650 crit is deconvolutable into 5 peaks
centered at 892, 840, 802, 774, and 736 cm* (Figure 54). The pesks in this region are
attributable to HSi-O and SFMe, (x = 1, 2, or 3) vibrations, which overlap each other
making definitive and qualitative assignments difficult. Nevertheless, as explained in
Appendix A, the major contribution to the band at 890 cmi in the SICOH film deposited
from TMCTS only can be attributed to H Si-O bond bending in which each silicon atom
has three oxygen neighbors[8-13].

The broad band at 848 cmi' observed in our films is most likely composed of
overlapping vibrations from H-Si-O, SMe; and SMe, with HSi-O and SiMe; as the
major contributors (see Table I1). The observation of the absorption at 848 cmit, which is
at least partialy attributable to SiMes end groups, suggests the existence of some linear
chains in the SICOH film. However, because we cannot qualitatively separate out the
SiMes contribution in the FTIR spectrum, due to overlapping contributions from H-Si-O,
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and SiMe, we cannot estimate the relative ratio of linear chains to ring structures in the
film.

The absorption band at 802 cmi! is attributed to SiMe, vibrations, the band at 774
cm! to SiMe; and the weak band at 736 cmi! to Si-O-Si symmetric stretching. The
absorption band at 440 cm? is attributed to bond bending of networked SFO-Si and to
ring opening vibrations [11-13]. SiSi stretching vibrations have also been reported in the
400-550 cmi range [26].

The as deposited SICOH films with lower k values, prepared with the addition of
organic precursor to TMCTS, are characterized by a strongly increased peak intensity in
the 3100-2700 cmi* region (C-H; stretching vibrations), an absence of SkH vibrations in
the 2400-2000 crri* region, and reduced intensity of the 890 and 848 cmi* absorptions (H-
Si-O bending and SiMeg, vibrations), compared to the films deposited from TMCTS only,
as shown in Figure 3c. The new absorptions at 2932 (CH, stretch) and 1461 cmi* (CH,
bend, free of silicon) and the increased relative absorption of the CH, stretch at 2875 cm*
are the result of the incorporation of organic components in the as deposited SICOH
films. The sharp reduction of SkH peak intensity suggests that the organic precursor is
reacting with the Si-H bonds in TMCTS during the formation of the film. The doublet
centered at 1740 and 1714 cm?, observed in the as-deposited reduced-k SiCOH films,
can be assigned to C=0 stretching in the film.

As shown in Figure 3d, the annealing of the as-deposited reduced-k SICOH film
reduces the C-Hy stretching vibrations (3100-2700 cmt) and CH, bend (1461 crmit) peak
intensities. The doublet centered at 1740 and 1714 cni* disappears after annealing.

In the annealed reduced-k SICOH film, the SFO-S asymmetric stretching band has
split into an apparent doublet. Deconvolution of this band yields three peaks at 1140,
1063 and 1035 crmit. The cage SFO-Si peak of the film with k=2.05 has shifted to slightly
higher wavenumbers, at 1140 cmi*, and increased in relative area compared to that of
SiCOH films deposited with TMCTS only. The silicon suboxide peak has also shifted to
adlightly higher wavenumber at 1035 cmi*.

The broad band between 950-650 crrit in the annealed reduced-k SiCOH film has
decreased in intensity relative to the annealed SICOH film grown from TMCTS only.
Deconvolution of this band yields 5 peaks at 904, 837, 804, 777 and 726 cm*. Notably,
the absorption at 904 cmi', attributed primarily to HSi-O bonds, is negligible in the
reduced-k SICOH film as shown in Figure 5b. This is consistent with the absence of
absorptions attributable to SkH in the reduced-k SICOH films grown with the addition of
the organic precursor. The absorption at 837 cmi?, attributable to H-Si-O and SiMes, has
also decreased in peak intensity. The magjor contributor to this peak in the annealed
reduced-k SICOH films with no SkH absorptions is assumed to be SMes. The peak at
804 cm! assigned to SiMe, has decreased in peak intensity. The peak at 777 cmi® has
also decreased in intensity and the FWHM has decreased indicating a smaller
contribution from SiMes.

The observations discussed above are summarized for the entire range of the
investigated films in Table Il and Figures 6-8. Table Il presents the integrated peak
areas for the annealed films. The scatter of the values shown in Figures 6-8 are caused by
experimental errors and errors in the deconvolution calculations. As shown in Figure 6,
the peak arearatio of CH /SiCHs (at 1275 cmit) increases sharply with the addition of the
organic precursor to TMCTS, due to the incorporation of organic precursor in the SICOH
film. However, the CH;/SiCH; peak ratio decreases as the CH2 /TMCTS ratio increases
and the dielectric constant decreases (Figure 6a). This may be caused by the increasing
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porosity of the film as the CH2TMCTS ratio is increased. Concurrently, the SIH/SICH;s
area ratio in the films decreases sharply with the introduction of the organic precursor,
due to the incorporation of organic fragments in the SCOH film at Si-H groups (Figure
6f). A corresponding decrease in the HSIO (at 890 cmit)/SiCHs area ratio is observed
(Figure 6b), consistent with the loss of SkH groups in the reduced-k films grown with the
addition of the organic precursor. The persistence of the absorption at 848 cmi* (Figure
6¢) even in films with no observable SkH absorptions is an indication of the existence of
some linear branches and/or chainsin the films. Interestingly, the SIMe,/SICH; peak area
ratio (Figure 6d) decreases with decreasing dielectric constant and the SiMe;/SiCHz peak
area ratio increases (Figure 6e), indicating greater retention of the TMCTS ring structure
in the films.

The pesk area ratio of the SiCH; (1275 cmit)/SiO (total absorption from 1200-1000
cm?) is often used to qualify SICOH films. Within experimental error, the S-CH3/SIO
arearatio in our filmsisthe same for films grown with TMCTS only and for films grown
with TMCTS and organic precursor. Figure 2 showed that the films deposited from the
mixtures of TMCTS and organic precursor contain significantly higher amounts of C and
H than the films deposited from pure TMCTS, therefore one might expect this to be
reflected in significantly higher SICH3/SIO arearatios. As thisis not the caseg, it has to be
assumed that the CHy fractions added to the films are not connected in S-CHz bonds.
This is consistent with the incorporation of the organic fragments by substitution at the
Si-H sites as discussed before. Furthermore, the SFCH3/SiO intensity ratios are the same,
within experimental errors, for the as-deposited and the annealed films grown with
TMCTS and organic precursor, in spite of the fact that a large amount of carbon and
hydrogen are lost from the films during annealing. This can be explained by preferential
loss of hydrocarbon fragments from the incorporated organic fraction and preferential
retention of S-CHs ligands during annealing.

The peak area ratio of SiOSkcage/SiOSHnetwork absorptions increases with
decreasing dielectric constant, as shown in Figure 7, indicating that the addition of
organic precursor has contributed to the enhancement of the cage structure. The
formation of the cage structure is consistent with increasing porosity shown in Table 1.
In the same time the peak area ratio of silicon suboxide/SiOSHnetwork decreases with
increasing addition of organic precursor.

The FWHM values of the deconvoluted SiO peaks are presented in Figure 8, which
shows that the FWHM of the network and silicon suboxide S-O-Si peaks decrease, while
that of the cage SFO-Si peak increases with decreasing dielectric constant. The increase
in the cage StO-S peak’s FWHM might be attributable to an increasing variety of
bonding environments in the cage structure. The decrease in the network and silicon
suboxide SFO-Si peak’s FWHM can be attributed to a less variable network and silicon
suboxide SFO-Si bond angle in the reduced-k SICOH film.

Film formation and structure

The FTIR spectra of the SICOH films deposited from TMCTS only indicate that the
films are highly-crossinked complex materials, primarily composed of a network
structure formed by a mixture of different bonding arrangements in cyclic and some
linear branch structures. Based on the analysis of the FTIR spectra presented above, the
structure of these films can be described by the diagram shown in Figure 9. An attempt to
summarize the reaction pathways leading to the deposition of the films and the different
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bonding arrangements is presented next. A description of the potential reactions resulting
in the formation of the filmsis given in Appendix B.

The most probable reactions to occur in the plasma are those involving the breaking
of the weakest bonds of the TMCTS precursor. However, due to the distribution of
electron energies in the plasma, one would expect partial dissociation of higher-energy
bonds as well. As summarized in Table IV [27], the weakest and most reactive bond of
TMCTS isthe SkH bond. Therefore, the most likely reaction leading to the formation of
SICOH films from TMCTS only (k =2.8) is hydrogen abstraction, yielding an ionized
TMCTS ring (reaction 1 of Scheme 1 in Appendix B). Other probable reactions are
depicted in Scheme 1 in Appendix B and include methyl abstraction (reaction 2), loss of
H from the S-CHs ligand (reaction 3), cleavage of SFO bond to form alinear diradical
(reaction 4), ring decomposition yielding [HMeSO]s (Dsn) via loss of methylsilanone
CH3HSI=O (D1p) (reaction 5) [15-17, 28, 29], ring enlargement and contraction reactions
(reaction 6) [16, 17, 19, 30], and formation of linear chains and branches via cleavage of
Si-O bonds by ionized TMCTS radicals (reaction 7). The structure of the resulting
SICOH film is therefore highly complex and likely comprised of a variety of different
crosslinked environments as illustrated in Figure9. Scheme 2 in Appendix B depicts the
paths to the formation of SkSi, Si-CH,-Si, SFO-Si, and SFO-CH»-S crosdinks through
reactions 8, 9, 10 and 11, respectively. All these reactions have the potential to take place
in the plasma.

However, the loss of hydrogen and increased concentration of oxygen, the broadness
of the peaks in the FTIR spectrum, observation of an intense FTIR absorption at least
partialy attributable to SiMes, and lack of resemblance of the film FTIR spectrum to the
TMCTS FTIR spectrum, indicate that complete ring fragmentation occurs to a large
extent in the plasma, leading to the deposition of SICOH films from TMCTS only.
Similar dissociation of the precursor in the plasma has been reported for
hexamethyldisiloxane  (HMDS), hexamethylcyclotrisiloxane  (HMCTS), and
octamethylcyclotetrasiloxane (OMCTY) [15, 16, 19].

The increased oxygen content in the SICOH film relative to that in the TMCTS
precursor may be explained by the loss of more volatile SiMecHy species resulting from
the fragmentation of the TMCTS ring . From elemental analysis data we would expect
y>>x in the volatile SiMecHy species because the C/Si ratio is retained and the H/Si ratio
is halved relative to the TMCTS monomer. If the reaction was driven to completion as
shown below, SO, would be formed.

[HSIMeO]s —— 2 SiMeyyHy +2 S 0>

Fragmentation of TMCTS and loss of SiMecHy species is similar to the observation
of low molecular weight species during GC/MS studies of plasma polymerization of
OMCTS [19]. Additiondly, loss of SiH4 has been observed during thermal annealing of
HSQ [31].

The addition of the organic precursor to the plasma feed results in increased carbon
and hydrogen content relative to Si, increased porosity, and reduced dielectric constant of
the resultant SICOH films. Based on the FTIR analysis, the structure of these films can be
described by the diagram shown in Figure 10. While the basic reactions leading to the
formation of the films are similar to those described above, the lack of evidence of SkH
groups in the FTIR spectra of the as-deposited SICOH films grown from TMCTS with
organic precursor and the increased peak intensity of absorptions attributable to CH;
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(3100-2700 cm-1) indicate that the incorporation of the organic fractions in the film
occurs preferentially at the SkH sites. The incorporation of the organic fractions appears
to promote the formation of cage structure in the SICOH film as evidenced by the intense
FTIR absorption at 1140 crri* attributable to the cage structure.

Significant loss of C and H is observed after annealing the SICOH films deposited
from TMCTS and organic precursor. This loss is most likely attributable to the
fragmentation and loss of organic fractions incorporated in the reduced-k films. The loss
of the hydrocarbon fragments during annealing leads to increased porosity in the
annealed reduced-k SICOH films. This loss is consistent with the reduction of the peak
intensity of the CHx absorptiors at 3100-2700 cmmit, and the CH, (free of Si) absorption at
1461 cm? in the FTIR spectra of annealed films compared with as deposited films.

CONCLUSIONS

FTIR and elemental analysis of SICOH films show that the PECVD of TMCTS
produces a randomly highly crosslinked networked SICOH film. The dissociation of
TMCTS in the plasma dominate the deposition chemistry as evidenced by the multitude
of bonding environments and formation of linear chains and branches in the films.
Crosslinking occurs through SkSi, Si-O-Si, SFCH,-Si, and SCH,-O-Si moieties.
Increased oxygen content in the films is proposed to result from the fragmentation of
TMCTS, and preferential loss of non oxygen containing SiMesxHx Species.

The films deposited from mixtures of TMCTS with organic precursor incorporate
organic fractions in the film. The incorporation of the organic components takes place
through the reaction of the organic precursor with S-FH. From the deconvolution of the
Si-O-Si asymmetric stretching band, we have demonstrated a larger percentage of a cage
structure and a smaller percentage of a networked (or highly crosslinked) structure in the
SICOH films deposited from TMCTS with organic precursor relative to the films
deposited from TMCTS only. Annealing the SICOH film deposited from TMCTS with
organic precursor results in a large loss of carbon and hydrogen from the film, due to
fragmentation and loss of incorporated organic fragments. The loss of the volatile
organic fragments during annealing results in the formation of nanopores and subsequent
reduction of the dielectric constant of the films to extreme low-k vaues.
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Appendix A: Assignment of IR absorption peaks.

The assignment of the pesks in the 3100-2700 cmi® absorption band to C-Hy
stretching vibrations can be found in references [15-18, 32]. The absorption peak at 2165
cm* corresponds to SkH vibration [8]. The absorption at 2234 cmi* has been attributed to
Si-H in a bonding arrangement in which the hydrogen is bonded as HSIO3. This
vibration has been observed in oxygen containing hydrogenated amorphous silicon films
[8] and in hydrosilsesquioxanes (HSQ) [9-14]. The absorption at 1358 cmi? is assigned
to bending of GH in StCH,-S crosslinks [15-19]. The shift of the S-CH3 bending
absorption to a higher wavenumber than in TMCTS, to 1273 cmi?, and its broadening
might indicate the formation of SiMe; (Me=-CHz) groups [18].

The S-O-Si asymmetric stretching band of the SICOH film at 1250-950 cmit can be
deconvoluted into three peaks centered at 1135, 1063, and 1023 crri’]. The peak at 1135
cmit is atributed to larger angle SFO-Si bonds in a cage structure with a bond angle of
approximately 150 °[11, 13, 20]. The pesk at 1063 cmi? is attributed to the stretching of
smaller angle SFO-Si bonds in a network structure. Some contribution to this absorption
may also come from preserved intact TMCTS rings in the SICOH film. The peak at 1023
cmt is attributed to stretching of even smaller SFO-Si bond angle such as might be
encountered in a networked silicon suboxide [21-23]. Some contribution to this
absorption may also come from bound six-membered [HxMe,.x SiO]s rings in the SICOH
film [16, 17]. The S-O-Si asymmetric stretching band is offset a 1020 cmi! in
tricyclicdimethylsiloxanes [24, 33]. Any contributions to absorptions at 1200-1000 crmi*
from GO-C, or S-O-C asymmetric stretching [L8, 24, 25] overlap with the SFO-Si
asymmetric stretching band.

The SFO-S asymmetric stretching band frequency shifts are attributed to changesin
the S-O-Si bonding angle @). In fully relaxed stoichiometric thermal silicon oxides,
grown at temperatures >1000 °C, the bond angle is reported to be ~144°, as shown
schematically in Figure 11a, and has an FTIR absorption pesk around 1080 cmil.
However, in low temperature stoichiometric silicon oxides, the FTIR stretching
frequency has been shown to decrease from 1080 to 1060 cmi* as the SFO-Si bond angle
decreases [21]. In silicon suboxides, a decrease in the frequency of the SFO-S
asymmetric stretching vibration has also been observed and attributed to the silicon atons
having higher probability of having one or more nortoxygen neighbors [21, 22]. A
bonding structure model based on the distortion of SIO3X tetrahedral due to
electronegativity differences has been proposed to explain the change in bonding angle
for carbon doped silicon suboxides [23]. The SiO3X tetrahedral is depicted in Figure
11b, X being an atom such as C, Si or H, which is |less electronegative than oxygen. It is
theorized that such an atom attracts the bonding electrons in the Sk X bond less strongly
than oxygen in the S-O bond thus distorting the tetrahedra and reducing the bond angle
to <144°,

The eectronegativity bonding structure model does not hold true for a HSQ or a
methylsilsesquioxane (MSQ) cage structure, where H or C is substituted in the SO3X
tetrahedral, because even though H and C are less electronegative than oxygen (2.2 eV
and 2.55 eV vs. 3.5 eV respectively [34]), the S-O-Si bond angle is reported to be
approximately equal to 150° [11-13, 20]. Therefore, in the HSQ or MSQ cage structure
geometric constraints must play a greater role in determining bond angle than
electronegativity. A SiO3X tetrahedra distorted due to geometric constraints is depicted
in Figure 11c. Thus, the SFO-Si asymmetric stretching mode frequency shift is attributed
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to variation of bond angle and the broadening of the band is a manifestation of a
statistical distribution of different bonding arrangements at each silicon atom site.

The broad band between 950-650 cmit is deconvolutable into 5 peaks centered at
892, 840, 802, 774, and 736 cmit (Figure 5a). The peaks in this region are assigned to H
Si-O and SFMe (x = 1, 2, or 3) vibrations, which overlap each other making definitive
and qualitative assignments difficult. The major contribution to the band at 890 cmit is
attributed to H-Si-O bond bending in which each silicon atom has three oxygen
neighbors. This assignment has been applied to a band at 885 cmit for HSQs [9-13] and
to a band at 875 cmi* in amorphous oxygen-containing silicon hydrogen aloy films [8].
In SiICOH films deposited from hexamethyldisiloxane (HMDS),
octamethylcyclotetrasiloxane (OMCTS), and hexamethylcyclotrisiloxane (HMCTS), a
band at 878-895 cmi’ has been attributed to the symmetric CHz rocking and Si-C
stretching vibrations in SMe, [15-19], however in these films the band is relatively weak
despite the existence of SiMe, groups in the starting molecule. Therefore, we can assume
H-Si-O to be the major contributor to the 890 cm' absorption in the SICOH film
deposited from TMCTS only.

The broad band at 848 cmit is attributed to H-Si-O and SiMe; vibrations. The H-Si-
O bending assignment has been applied to a band at 840-857 cmi* for HSQs [9-13] and at
830 cmrit for high molecular weight fractions of HSQs [9, 10]. A band at 850 cni® has
been assigned to a H-SO,Si cis configuration in H doped silicon suboxide [8]. A band at
840 cm! has been assigned to SiMe; end groups in linear polysiloxanes [26, 24, 33] and
in SICOH films deposited from HMDS, OMCTS and HMCTS [15-19]. A weak band at
858 cmi' has been observed in cyclosiloxanes with only SiMe; groups [24, 33]. Most
likely the band at 848 crmi' observed in our films is composed of overlapping vibrations
from H-Si-O, SiMe; and SiMe, with H-Si-O and SiMe; as the major contributors.

The band at 802 cmi® is attributed to SiMe, vibrations [15-19, 24, 35]. In SO, a
weak band at 810 cmit is attributed to skeletal network SFO-Si symmetric stretching, and
is a possible minor contributor to this band. The band at 774 cm® is attributed to SiMe;
vibrations, which was observed at 754 cmi! in TMCTS, 780 cmi' in MSQ [36] and at
769-789 cmt in SiMey(OR); akoxysilanes depending on the substituent [24]. Another
possible contributor to this band is symmetric CHs rocking and Si-C stretching vibrations
from SiMes, which has been observed at 760 cmit [24, 33]. The weak band at 736 cmi? is
attributed to SFO-Si symmetric stretching [12, 13]. The absorption band at 440 cmit is
attributed to bond bending of networked S-O-Si and to ring opening Mibrations [11-13].
Si-Si stretching vibrations have also been reported in the 400-550 cmit range [26].

The 1740 and 1714 cmi* peaks are attributed to C=0 stretching in the film [15] and
the 1461 cmi* absorption peak is attributed to CH, bend, free of silicon, vibrations [15,
35].
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Appendix B: Potential plasma reactions for the formation of SICOH films from
TMCTS

Scheme 1. Possible dissociation pathsof TMCTS
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Scheme 2. Crosslinking reaction paths for the TMCTS fragments
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Tablel. Density and porosity of SICOH films.

Dielectric Density Por osity Pore diameter
constant (g/cn) Fraction (nm)
2.80 1.32 0 N/A
2.40 1.06 0.20 <15
2.05 0.87 0.29 <25
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Tablell. FTIR peak assignments. Major contributorsarelisted first for each
vibration. n=stretching, d=bending, r =rocking, a=antisymmetric, sSSsymmetric.

TMCTS | k=28 | k=2.05 Mode Comment References
2968 2969 | 2968 n® C-Hs sp° CH3 15-18, 32
2906 n® C-Hs sp° CH3 15-18, 32

2916 | 2932 n? C-Hy sp° CH» 15-18, 32
2880 | 2875 n° C-Hy sp° CHy 15-18, 32
2232 n® Si-H H-S03 8-14
2178 n® Si-H H-SO,Si 8
2165 n® Si-H H-SiOSi 8
1740, n C=0 As deposited only 15
1714
1461 d C-Hz CH; isolated from S 15, 35
1405 1412 1412 d? C-Hj SiMe, 15-19, 32
1358 | 1379 d C-H, Si-CH,-Si 15-19
1259 1273 | 1274 d® C-Hs SiMe, 15-19, 26, 32, 36
1135 | 1140 n? Si-O-Si Cage 9-10
Si-O-Si angle ~150° 11-13, 20
n C-0O Si-O-C 16, 24, 25
1063 1063 | 1065 n? Si-O-Si Network (network) 9, 10
Si-O-Si angle ~144°
1023 | 1035 n? Si-O-Si Silicon suboxide, 21, 22,23
Si-O-S angle <144°
D3, ring structure 16, 17
890 d H-Si-O H-SO3 8-14
n Si-C, r SCHs SiMe, 15-18, 19, 24, 33
865 d H-Si-O H-SO,Si 8
848 843 d H-Si-O Network smaller angle 10, 12-14, 35
n Si-C, r *CHs SiMe; 15-19, 24, 26, 33
802 800 n Si-C, r*CHs SiMe 15-19, 24, 33
754 n S-C, r Si-CHs SMe;
773 779 n Si-C,r CHs SiMe 18, 24, 36
n Si-C, rSCHs SMe; 15-19, 24, 33
710 730 720 n® Si-O-Si 11,12, 13
440 440 d of O-Si-O Network and ring 11, 12,13

opening vibrations
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Tablelll. Integrated peak areasfor TMCTS and annealed SICOH films.

Vibration Region TMCTS | k=28 | k=25 | k=2.27 | k=2.05
integrated
cm’

C-Hy 3100-2800| 1.24 0.67 3.88 247 2.36
Si-H 2400-2000 | 13.29 1.72 0.10 0 0

CH> (S free) 1550-1425 0 0 0.2 0.1 0.06
Si-CHs 1300-1250 | 4.59 0.95 0.81 0.65 0.70
Si-O-Si 1250-950 65.5 29.7 28.2 18.1 20.1
H-Si-O 890 67.0 2.35 0.59 0.20 0.09
H-Si-O, SiMes 848 n/o 3.07 141 1.22 1.02
SMe 802 n/o 1.98 1.28 0.48 0.36
SiMe;, SMe; 778 534 2.07 0.91 0.98 1.01

TablelV. Bond strengths of diatomic molecules[27]

Bond | Energy | Bond | Energy
(kJ mol') (kJ mol'?)
C-O 1076 Si-O 800
C-C 610 Si-C 451
C-H 338 Si-H <299
Si-Si 325
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Figure captions

Figure 1: Dielectric constants of SICOH filmsvs. CH2./TMCTS ratio in the gas feed

Figure 2: Elemental concentration ratios vs. CH2/TMCTS ratio in the gas feed for as
deposited and annealed SICOH films.

Figure 3. FTIR spectra of (a) TMCTS monomer; (b) annealed SICOH film grown from
TMCTS only (k=2.8); (c) as deposited and (d) annealed SICOH film grown
from TMCTS with organic precursor (k=2.05).

Figure 4. Deconvolution of the StO-S  absorption band of SICOH films. @ k=2.8; b)
k=2.05.

Figure 5: Deconvolution of the SiMe and HSIO absorption bands of SICOH films. a)
k=2.8; b) k=2.05.

Figure 6. Peak arearatios of FTIR absorption of (a) CH; (3100-2800 cmi?), (b) H-Si-O
and SiMe, (890 cm?), (c) H-Si-O and SiMe; (848 cmi?), (d) SiMe, (802 cmi?),
(e) SiMe; (775 cmit), and (f) SFH (2400-2000 crrit) to the area of the SiCHs
absorption (1275 cmi?) in annealed SICOH films.

Figure 7. Area ratios of the deconvoluted oxide peaks vs the dielectric constant of the
SICOH films.

Figure 8. FWHM of the deconvoluted oxide peaks vs the dielectric constant of the
SICOH films.

Figure 9. Diagram of networked structure of annealed SICOH film deposited from
TMCTS only.

Figure 10. Diagram of porous cage networked structure of annealed SICOH film
deposited from TMCTS with organic precursor.

Figure 11. Variation of StO-Si bonding angle.
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Figure 1: Didectric constants of SICOH films vs. CH2/TMCTS ratio in the gas feed
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Figure 2 Elemental concentration ratios vs. CH2/TMCTS ratio in the gas feed for as
deposited and annealed SICOH films.
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Figure 3. FTIR spectra of (a) TMCTS monomer; (b) annealed SICOH film grown from
TMCTS only (k=2.8); (c) as deposited and (d) annealed SICOH film grown
from TMCTS with organic precursor (k=2.05).
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Figure 4a: Deconvolution of the Si-O-Si  absorption band of SiCOH films. a) k=2.8; b) k=2.05.
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Figure 4b: Deconvolution of the Si-O-Si absorption band of SICOH films. a) k=2.8; b) k=2.05.
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Figure 5a: Deconvolution of the SiMe and HSIO absorption bands of SICOH films. @)
k=2.8; b) k=2.05.
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Figure 5b: Deconvolution of the SiMe and HSO absorption bands of SICOH films. a)
k=2.8; b) k=2.05.
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Figure 6. Peak arearatios of FTIR absorption of (a) CH; (3100-2800 cmit), (b) H-Si-O
and SiMe, (890 cmi), () H-Si-O and SiMe; (848 cnmi?), (d) SiMe; (802 cmi?),
(e) SiMey (775 cm?t), and (f) SiH (2400-2000 crrit) to the area of the SiCHs
absorption (1275 cm?) in annealed SICOH films.
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Figure 7. Area ratios of the deconvoluted oxide peaks vs the dielectric constant of the

SiCOH films.
100 T T T T T T T T T
1 ® Cage °
90 B Network o .
& Suboxide
804
— ] .
£ 704 o
S ]
I 60+ o
z I < =
50 a
40
1 9 Py $
30 T T T T T T T T T T
2.8 2.6 2.4 2.2 2.0

Dielectric Constant

Figure 8. FWHM of the deconvoluted oxide peaks vs the dielectric constant of the
SICOH films.
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Figure 9. Diagram of networked structure of annealed SICOH film deposited from
TMCTSonly.

Figure 10. Diagram of porous cage networked structure of annealed SICOH film
deposited from TMCTS with organic precursor.
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Figure 11. Variation of StO-Si bonding angle
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