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Hot-Filament Chemical Vapor Deposition of Organosilicon Thin
Films from Hexamethylcyclotrisiloxane and
Octamethylcyclotetrasiloxane
Hilton G. Pryce Lewis,z Thomas B. Casserly, and Karen K. Gleason*

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA

A nonplasma technique, hot-filament chemical vapor deposition~HFCVD!, is an alternative method for producing organosilicon
films of novel structure. Films are deposited onto room-temperature substrates from the precursors hexamethylcyclotrisiloxane
(D3) and octamethylcyclotetrasiloxane (D4) at high rates~.1 mm/min!. Filament temperature can be used to control film
structure, and the limited reaction pathways available via thermal decomposition make it possible to elucidate the chemistry of the
growth process. During film growth, there appears to be competition between reaction pathways for the incorporation of cyclic and
linear siloxane structures. For both D3 and D4 HFCVD films, infrared, Raman, and nuclear magnetic resonance spectroscopies
indicate the incorporation of ring structures consisting of three siloxane units. The concentration of these structures increases as
filament temperature is raised and is especially pronounced for films deposited from D3. In comparison, films grown from D4 show
a greater degree of incorporation of linear, unstrained structures over the range of filament temperatures studied. In contrast to
plasma-deposited organosilicon films, cross-linking in HFCVD films occurs predominantly via silicon-silicon bonding and not
from siloxane bonds with tertiary or quaternary silicon atoms.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1415723# All rights reserved.
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Organosilicon thin films produced by chemical vapor deposit
~CVD! have attracted considerable interest in a wide variety of
plications, ranging from biocompatible coatings for medical i
plants to permselective membranes.1-9 In particular, organosilicon
films are presently under consideration as low dielectric constan
low-k, interlayer dielectric~ILD ! candidates for future semiconduc
tor processing. These materials, termed organosilicate gla
~OSGs!, are typically carbon-doped oxides or siloxanes deposited
CVD or plasma-enhanced CVD~PECVD!.10-12Research in this field
has primarily focused on the use of PECVD for producing orga
silicon films with desirable properties~see Wro´bel and Wertheimer1

for an extensive review!.
A plasma-based deposition technique, however, has inheren

ficiencies. Plasma polymers tend to show high dielectric loss
compared to conventional polymers, as well as an aging effect u
exposure to the atmosphere. It has been proposed that exposu
the growing film to UV irradiation and ion bombardment during t
deposition process can result in the formation of trapped free r
cals, or dangling bonds, in the film.13 These defect sites are the
subject to oxidation upon exposure to the atmosphere. The effe
ion bombardment is also to increase the cross-link density in pla
films, which often results in brittle, inflexible films. Pulsed-PECV
is a technique that can be used to minimize plasma exposure d
film growth. In this method, plasma excitation is modulated to a
the dynamics of competing deposition pathways, allowing
greater compositional control and lower cross-link density in
resulting films.13-17 Using pulsed-PECVD with the precursor he
amethylcyclotrisiloxane (D3), we have demonstrated flexible, co
formal coatings on nonplanar substrates suitable for implantatio3

Hot-filament chemical vapor deposition~HFCVD, also known as
pyrolytic CVD! does not suffer from the UV irradiation and io
bombardment associated with plasma exposure. In addi
HFCVD allows for more control over precursor fragmentation pa
ways than PECVD. Thermal activation is limited to the gas ph
and independent control of the substrate temperature can be
cised. Indeed, HFCVD using hexafluoropropylene oxide as the
cursor gas has been shown to produce fluorocarbon films with
dangling bond density having a chemical structure which is spec
scopically similar to polytetrafluoroethylene~PTFE!.17,18

In this study, we consider the structure of films produced

* Electrochemical Society Active Member.
z E-mail: hiltonpl@mit.edu
-

r

es
y

-

e-
s
n
of

i-

of
a

ng
r

,

e
er-
-

w
-

HFCVD using the precursors hexamethylcyclotrisiloxan
@~CH3!2SiO#3 , and octamethylcyclotetrasiloxane,@~CH3!2SiO#4 ,
commonly known as D3 and D4. Previously, we demonstrated tha
polymeric thin films could be deposited from D4 by HFCVD at rates
of up to 2500 nm/min depending on filament temperature.19 In this
work, we show that filament temperature (Tf) has a strong influence
on composition for both D3 and D4 HFCVD films and postulate a
structure for these novel films.

Experimental

Films were deposited on silicon wafer substrates in a cust
built vacuum chamber, which has been described previously.18 Ther-
mal excitation was accomplished by resistively heating tanta
wire ~0.5 mm diam! strung on a filament holder. Springs on th
holder maintained wire tension to compensate for thermal expan
and prevent drooping. The filament wire was mounted in a para
array designed to minimize thermal gradients between individ
wires and offer uniform heating over an area the size of a wafer.
filament holder straddled a cooled stage on which a silicon wa
substrate was placed. A filament-to-substrate standoff of 1.3 cm
used. Pure precursor was vaporized in a heated vessel and deli
through a needle valve to maintain flow rates of approximately
sccm for D3 and 11 sccm for D4. Pressure in the reactor was mai
tained at 300 mTorr by a butterfly valve. No diluent gas was us

Filament temperature was measured using an 2.2mm infrared
pyrometer. For oxidized tantalum, a spectral emissivity of 0.20 w
estimated from direct contact thermocouple measurements. Du
the difficulties of direct measurement at high temperatures, repo
temperatures are probably accurate to650°C. However, tempera
tures were consistent from run to run and there was little variatio
power requirements for heating the wire. Substrate temperature
maintained below 60°C by back-side water cooling. Films were
posited on 100 mm diam p-type silicon~100! wafers at filament
temperatures ranging from 800 to 1200°C. Deposition rates w
monitoredin situ using interferometry and checked using profilom
etry at the center of each wafer after deposition.

For film characterization, infrared spectroscopy was perform
using a Nicolet Magna 860 Fourier transform infrared~FTIR! spec-
trometer operating in transmission mode. All spectra were norm
ized to a standard thickness of 150 nm and baseline corrected
purposes of comparison. Resonant Raman spectra were obt
using a Kaiser Optical Systems Hololab 5000R Modular Resea
Micro-Raman Spectrograph, with 785 nm laser line excitation a



ion

he
ic-

uc
he
Hz

A
na
th

ire
er
ne

on
-

ts
th

the
low

us
hes

en
fila
uc
tem
lys
tion

ion
VD

le I.
ers

y
m-

the
re

-

60,

iated

ue to
ked
ved
ano-

i-
n

-

Journal of The Electrochemical Society, 148 ~12! F212-F220~2001! F213
15 mW power at the sampling stage under 50 times magnificat
High-resolution solid-state nuclear magnetic resonance~NMR!
spectra were acquired on a homebuilt NMR spectrometer20 equipped
with a 6.338 T Oxford superconducting magnet and a 3.2 mm C
magnetics probe with spinning capabilities up to 25 kHz. Mag
angle spinning~MAS! and cross-polarization~CP! from the proton
spin bath were used to resolve isotropic chemical shifts and red
acquisition time. Approximately 10 mg of film was scraped off t
wafer and packed into a zirconia rotor, which was spun at 7 k
14,512 acquisitions were performed for signal averaging.
1H-29Si CP time of 5 ms was chosen to maximize the overall sig
intensity. Experiments confirmed that the contact time between
silicon and proton spin baths was sufficient to provide uniform29Si
polarization. Indeed, a direct comparison of NMR spectra acqu
with direct- and cross-polarization confirmed that CP spectra w
quantitative. All NMR spectra were referenced to tetramethylsila
~TMS! and are plotted in parts per million. X-ray photoelectr
spectroscopy~XPS! was performed on a Kratos AXIS ULTRA spec
trometer using a monochromatized aluminum Ka source. Atomic
force microscopy~AFM! was performed on a Digital Instrumen
Dimension 3000. Images were taken under tapping mode wi
standard etched silicon tip.

Results and Discussion

Deposition rate.—The measured deposition rate,r, and the
thickness-based deposition yield,r /FM ~whereF is the volumetric
flow rate, andM is the molecular weight of the precursor!, are plot-
ted in Arrhenius form in Fig. 1. The deposition yield expresses
deposition rate per unit mass of the precursor compound and al
the relative reactivities of D3 and D4 to be compared directly.21 As
shown in Fig. 1, the deposition yield appears to follow an Arrheni
type relationship as a function of filament temperature. The hig
deposition rate observed was 1574 nm/min for D4 at a filament
temperature of 1050°C. No film deposition was detected at filam
temperatures below 800°C with either precursor. At the higher
ment temperatures, run times were limited to 1.5 min to prod
thin films appropriate for subsequent characterization. These
peratures are consistent with other studies of the vacuum pyro
of D4.

22 Regression of the data in Fig. 1 yielded apparent activa
energies of 2186 35 kJ/mol for D3, and 3016 102 kJ/mol for D4
~at a 90% confidence level!.

Figure 1. Arrhenius plot of D3 and D4 films produced by HFCVD:~j, d!
measured deposition rates,r ~left axis!, and~h, s! thickness-based depos
tion yields, r /FM ~right axis!. Straight lines were fitted to the depositio
yield data by regression.
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FTIR spectroscopy.—A comparison of the FTIR spectra of D3
films deposited using HFCVD and continuous-wave excitat
PECVD is shown in Fig. 2a and b. The spectra for the CW PEC
film ~Fig. 2a! was taken from previous work by our group.3 Assign-
ments have been made from the literature and are shown in Tab
Comparison of these spectra indicates that the HFCVD film diff
structurally from the PECVD film. Only sp3-carbon bonding is ob-
served in the HFCVD film, and no cross-linking of Type II,i.e., via
carbon cross-links, is evident.3 Carbon is thus preserved primaril
as methyl, giving rise to the distinct pair of symmetric and asy
metric CH stretches23-25 at 2907 and 2964 cm21. The asymmetric
stretching mode~ASM! of the siloxane group~SiOSi! shows two
distinct bands for the HFCVD film, a characteristic observed in
IR signatures of polydimethylsiloxanes with chain lengths of mo
than two siloxane units or ring sizes of larger than eight units.26,27

Below 1000 cm21, absorption bands associated with SiMe2 rocking
and stretching are observed at 878 and 805 cm21, and those associ
ated with SiMe3 rocking near 840 cm21. Qualitatively, the PECVD
film appears to have a higher SiMe3 /SiMe2 ratio, suggesting that the
HFCVD film may be less branched than its PECVD analog.3

FTIR spectra of films deposited at filament temperatures of 8
1000, and 1200°C using D3, and 800, 900, and 1000°C using D4,
are also shown~Fig. 3 and 4, respectively!. The region around the
ASM has been expanded for detail. Strong absorptions assoc
with SiMe2 (805 cm21), methyl in SiMex (1412 cm21), and the
ASM ~1020-1075 cm21! are apparent. The band at about 880 cm21

observed in the low-filament-temperature D4 film is usually associ-
ated with the symmetric CH3 rocking mode in SiMe2. The disap-
pearance of this band at higher filament temperatures may be d
the conformational constraints present in a more highly networ
structure. Similar effects in this infrared region have been obser
in temperature-dependent spectroscopy studies of other org
silicon compounds.28,29

Figure 2. FTIR spectra of~a! D3 PECVD film deposited under continuous
wave excitation and~b! D3 HFCVD film deposited at 1000°C.

Table I. FTIR assignments from the literature.

Wavenumber~cm21! Modea Comment Ref.

2963-2965 nCH
A In sp3 CH3 24, 25, 31, 36

2935 nCH
A In sp3 CH2 24, 25

2907 nCH
S In sp3 CH3 24, 25, 31, 36

2878 nCH
S In sp3 CH2 24, 25

1463 dCH2

A 24, 25
1412 dCH3

A In SiMex 24, 25, 27, 31, 36
1262 dCH3

S In SiMex 25, 27, 30, 31, 36
1020-1075 nSiOSi

A 24, 25, 27, 31, 36
878 rCH3

S In SiMe2 25, 27, 30, 36
804-806 nSi-C

A ,rCH3

A In SiMe2 25, 27, 30, 31, 36
839-845 rCH3

A In SiMe3 25, 27, 30, 36

a n, d, and r denote stretching, bending, and rocking modes, respec-
tively; a and s denote asymmetric and symmetric vibrations.
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Conventionally,25,27,30the band around 845 cm21 is assigned to
an asymmetric CH3-rocking mode in SiMe3, with an accompanying
symmetric CH3-rocking mode at 760 cm21. The SiMe3 group is a
chain or branch termination group that is associated with an

Figure 3. FTIR spectra of D3 HFCVD films deposited at filament tempera
tures of~a! 860, ~b! 1000, and~c! 1100°C.

Figure 4. FTIR spectra of D4 HFCVD films deposited at filament tempera
tures of~a! 800, ~b! 900, and~c! 1000°C.
group in siloxanes,3 where M is the trimethylsiloxane uni
(CH3!3SiO-. The relative intensities of the SiMe2 and SiMe3 bands
depend on the length of chains in open-chain regions of the
structure, and the strength of the SiMe3 band is an indication tha
chains are either short or highly branched.26,31 The SiMe3 /SiMe2
ratio also increased only slightly as filament temperature was
creased, suggesting that the chain length and branching was si
for both sets of films. Other data obtained for these films, parti
larly from NMR analysis, show only small quantities of M groups
the films, with the highest concentrations appearing in low-filame
temperature D3 and high-filament-temperature D4 films. This implies
that short chain segments or branches of similar length are prese
low concentrations in almost all the films produced.

Significant changes in the relative intensities of the bands of
ASM band are observed for both D3 and D4 films. The spectra of the
D3 film shows a doublet for all three filament temperatures, with
shoulder on the doublet switching from the low- to hig
wavenumber side at higher filament temperatures~compare Fig. 3a
and 3c!. By contrast, the spectra of the D4 film deposited at a fila-
ment temperature of 800°C~Fig. 4a! showed only a singlet, and th
IR spectra resembled that of the precursor D4.

26,27 Unlike D4, how-
ever, which is a liquid at room temperature, the film was solid a
contiguous and came off the wafer in flakes when scraped wi
razor. The D4 film deposited at higher filament temperature show
behavior similar to that of the D3 film. As filament temperature was
increased, the low-wavenumber peak of the ASM doublet increa
in intensity, exceeding that of the high-wavenumber peak ab
1050°C~spectra not shown!, as in the case of the D3 film.

The ASM doublet of the film deposited from D3 at a filament
temperature of 1100°C~Fig. 3c! resembles that observed in FTI
analyses of other organosilicon PECVD films.3,25,32 Typically for
these films, the low-wavenumber band was more intense than
high-wavenumber band. This ASM signature is also observed
spin-on methyl silsesquioxane~MSQ! films.33 For bulk polydimeth-
ylsiloxane~PDMS!, the intensities of these bands are approximat
equal at room temperature.34 To our knowledge, no IR spectra with
an ASM doublet similar to that observed in Fig. 3a, 3b, and 4c h
been reported for organosilicon films deposited by CVD from co
parable precursors. The configuration of the ASM doublet is lik
to be conformational in origin. For PDMS, the splitting of the do
blet has been attributed to coupling between adjacent ch
segments.31 In other work using Raman spectroscopy, the splitti
of the symmetric SiOSi stretching mode has been correlated to
crystalline state of PDMS.35

The intensity ratio of the two bands of the ASM doublet h
been correlated with the length of chains or size of rings
the polymethylsiloxane network.25-27 In particular, for a series of
linear and cyclic polymethylsiloxanes of increasing chain length
ring size, a doublet was observed in FTIR spectra only when ch
lengths exceeded two siloxane units and ring size exceeded
siloxane units. The ASM singlet for D3 was offset at 1020 cm21

compared to larger ring structure. The band at 1020 cm21 may thus
be associated with an increasing proportion of six-membered D3-like
rings in the film structure. This is in the same region as the lo
wavenumber band of the ASM doublet in PDMS, however, mak
it difficult to differentiate between the presence of chains and bo
D3 rings using IR analysis.31

Raman spectroscopy.—Though some work has been done
characterizing pure organosilicon compounds using Raman s
troscopy, little has been reported on the use of Raman for chara
izing more complex organosilicon materials, such as those produ
by CVD. Figure 5 compares the Raman spectra of the pure c
pounds D3,D4, and PDMS with that of HFCVD films grown from
D3 and D4 using high filament temperatures. Assignments in Table
have been made based on the literature.28,31,36,37The symmetric si-
loxane stretching mode~SSM!, which is weak in FTIR spectra, is
strong in the Raman spectra. The position of the symmetric silox
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Raman band is shifted to higher wavenumbers for D3 due to ring
strain, and bands associated with ring deformation can be obse
for both D3 and D4.

31 Raman spectroscopy is thus a sensitive pro
for observing ring structure. Indeed, Raman spectroscopy is cap
of identifying siloxane ring ‘‘defects’’ in SiO2 films produced by
sol-gel38-41and CVD processes.42 Raman spectra for these materia
exhibit specific bands corresponding to ring structures comprise
different numbers of silicon atoms. In particular, Raman bands
605 and 495 cm21 in silica have been attributed to rings with thre
and four siloxane units, termed R3 and R4, respectively.38,39,41,42

As observed in Fig. 5, the Raman shift region of the HFCV
films from 400 to 600 cm21 differs from that of the pure com
pounds. Both HFCVD films show a band in the range 586-590 cm21

which is not observed in PDMS or other linear siloxa
compounds.31 This is close to the band assigned to the SSM at 5

Figure 5. Micro-Raman spectra of~a! D3, ~b! D4, ~c! PDMS, and~d! D4

HFCVD film deposited at a filament temperature of 1000°C, and~e! D3
HFCVD film deposited at a filament temperature of 1100°C.
ed
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cm21 in pure D3. During an experiment in which polarization of th
Raman beam was changed from the parallel to the perpendic
mode, the band in the HFCVD film was also found to be polariz
which is consistent with results observed for the SSM in D3.

31,37

This band may thus be evidence of a bound D3-like ring structure in
the film. The 5-10 cm21 shift from the position of this band in D3
may be conformational in origin and a result of the strain of be
locked into a seminetworked structure. Such shifts are possible,
Table III shows Raman assignments for the SSM mode in differ
chemical environments. In the highly networked environment of v
reous and chemical vapor-deposited silica, the characteristic vi
tional mode of the six-membered planar ring of siloxane units,3,
has been observed at shifts as high as 608 cm21.38,40,43By contrast,
the SSM mode is typically observed from 581 to 587 cm21 for
unconstrained D3. The band at around 590 cm21 for the HFCVD
films falls between these extremes and is thus assigned to anoR3

group. The termoRn is derived from the Rn unit observed in silica
and is intended to represent an organically substituted ring con
ing of n siloxane units, which is bound into the film structure. B
analogy, there may also be rings consisting of four siloxane u
bound into the film structure (oR4!. Table III shows that the band a
485 cm21 observed primarily for the D4 HFCVD films falls between
the SSM bands for D in PDMS, R4 in silica, and unperturbed D4.
This suggests that the band is associated withoR4 groups and/or
unstrained siloxane units in the film. The unstrained siloxane u
may be present in linear structures or in ring structures larger t
four units, and are designated aslD. The predominance of thes
groups in the D4 films, particularly at low filament temperature
suggests that they are unique to the pyrolysis chemistry of D4 and
may be the four siloxane-unit ring analog,oR4.

The Raman spectra of the HFCVD films also show a lo
intensity band at 425 cm21 not observed in any of the pure com
pounds. No assignment could be found for this band in the literat
but it is in the region associated with a silicon-silicon stretchi
mode.44 The Si-Si stretch gives a strong Raman band at 400-
cm21 for hexamethyldisilane and is highly sensitive to silicon su
stituents. For polar substituents, shifts can be large. For example
Si-Si stretching mode for FMe2SiSiMe2F has been reported at 43
cm21, a shift of 30 cm21 from the unsubstituted disilane.45 Hence,
this band is tentatively assigned to an Si-Si bond in the film str
ture.

Figures 6 and 7 show the effect of filament temperature
probed by Raman spectroscopy. The spectra of the films depo
from D3 ~Fig. 6! show an increasing intensity of the bands fromoR3
units and Si-Si bonds as filament temperature is increased, an
D3 film deposited at 1100°C shows significant ring incorporatio
FTIR spectra for these films show a similar increase in intensity
Table II. Raman assignments from the literature.

Raman shift~cm21! Modea Comment Ref.

1410 dCH3

A 23, 28, 36
1260-1265 dCH3

S 23. 28, 36
795 nSiC

A In SiC2 23, 28, 36, 37
707-712 nSiC

S In SiC2 23, 28, 36, 37
690 rCH3

A 23, 28, 37
581 nSiOSi

S In D3 31, 37, 72
489 nSiOSi

S In PDMS 23, 36
476 nSiOSi

S and/or ring deformation In D4 23, 37
450 Ring deformation In D3 and D4 23, 37
424-426 Possible Si-Si stretch 44
190-194 dSiC

S In SiC2 31, 37
160 dSiC

S and twist In PDMS 31
145 dSiC

S In D4 31

a n, d, andr denote stretching, bending, and rocking modes, respectively, a and s denote asymmetric and symmetric vibrations.
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Table III. Raman SSM assignments for various chemical environments.

Symbol Raman shift~cm21! Comment Ref.

R3 600-608 In vitreous and/or CVD silica 38-42
oR3 586-590 In D3 and D4 HFCVD films
D3 581-587 In D3 31, 37, 72
D 489-497 In PDMS 23, 36
R4 490-495 In vitreous and/or CVD silica 38-42
oR4 and/orlD 485 In D3 and D4 HFCVD films
D4 475-480 In D4 23, 28, 36, 37
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the low-wavenumber band of the ASM doublet~see Fig. 3!, suggest-
ing that this band at 1020 cm21 is indeed associated with thre
siloxane-unit ring structures. By contrast, the spectra of the fi
deposited from D4 ~Fig. 7! show a strong band at 485 cm21, as-
signed to the presence ofoR4 and/or unstrained D units. A sligh
increase inoR3 incorporation is observed asTf increases, but this
band does not dominate as it does in the spectra of the D3 films ~Fig.
6!. Hence, the D3 and D4 films differ structurally at high filament
temperatures, despite the similarities in structures suggeste
FTIR.

Nuclear magnetic resonance (NMR) spectroscopy.—The 29Si
CP-MAS NMR spectra obtained for the D3 and D4 HFCVD films
are shown in Fig. 8 and 9. Typical chemical shifts reported in
literature for organosilicon CVD films are included in Tab
IV.20,32,46-49As suggested by the data in this table, films deposi
by other CVD methods commonly show a wide variety of bond
environments, including the presence of M, D, T, and Q groups
well as their hydrogenated analogs.32,49,50By contrast, only two pri-
mary peaks were observed in these HFCVD films.

The major peak at219 ppm is assigned to the D uni
~SiO!2Si* ~CH3!2.

32,46,48,49The chemical shift for this moiety de
pends on the conformation of the siloxane chain, typically vary
from 222 ppm for PDMS to210 ppm for D3 ~due to ring strain!.
The lack of a doublet for this resonance analogous to that obse
in FTIR is probably due to the longer time scales used for sig
averaging in NMR. The closest assignment for the peak at29 ppm
suggested by the literature was for MH @~SiO!Si* ~H!~CH3!2#,
which is typically reported at26 ppm.47,49 However, there is little

Figure 6. Micro-Raman spectra of D3 HFCVD films deposited at filamen
temperatures of 860, 1000, and 1100°C.
s

by

s

d
l

evidence of Si-H bonding~usually observed near 2140 cm21! in
FTIR spectra of the HFCVD films. Since the Si-H stretching vibr
tion has a high oscillator strength,51 even low concentrations of this

Figure 7. Micro-Raman spectra of D4 HFCVD films deposited at filament
temperatures of 800, 900, and 1000°C.

Figure 8. 29Si solid-state CP-MAS NMR spectra of D3 HFCVD film depos-
ited at filament temperatures of 860, 1000, and 1100°C.
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moiety should yield a visible peak in the FTIR spectra. Furthermo
CP contact time experiments produced no change in the rela
intensities of the major peaks at29 and219 ppm. It is anticipated
that silicon directly bonded to hydrogen would increase the CP r
Thus, the peak at29 ppm is not indicative of an MH structure. As
suggested by Raman spectroscopy, this peak is assigned rather
presence ofoR3 ring structures in the film. This assignment is clo
to the reported shift of210 ppm for the D unit in the strained
molecule D3.

46,48,52The major peak at219 ppm is then associate
with oR4 and/or unstrained siloxane units. The shift of13 ppm
from an unstrained D group suggests that this unit may be prima
present in the form of a ring structure rather than a linear chain48

For both the D3 and D4 films, the peak at29 ppm increases in
intensity as filament temperature increases~see Fig. 8 and 9!. While
this peak is present in the spectra of the D3 films over the whole
range of filament temperatures, it is of very low intensity in t
spectra of the D4 film deposited at a filament temperature of 800°
This is consistent with Raman data, which shows very littleoR3 in
this film. The M peak at 5-6 ppm is also more intense in the D3 film
deposited at filament temperature of 860°C than in its 1100°C co
terpart. Since M is more likely to be associated with linear structu
in the film, a lower M content at high filament temperatures is c
sistent with the higher content of ring structures suggested by
man spectroscopy. The NMR spectra of both D3 and D4 films show
a low and constant concentration of T groups, and almost n

Figure 9. 29Si solid-state CP-MAS NMR spectra of D4 HFCVD film depos-
ited at filament temperatures of 800, 900, and 1000°C.

Table IV. 29Si NMR structures and chemical shifts commonly ob-
served in organosilicon CVD films.

Symbol Structure Chemical shift~ppm! Ref.

M ~SiO!Si* ~CH3!3 16 32, 49, 52, 73
MH ~SiO!Si* ~H!~CH3!2 26 47, 49, 52
D ~SiO!2Si* ~CH3!2 210 in D3

220 in D4
222 in PDMS

32, 46, 48, 49, 52

DH ~SiO!2Si* ~H!~CH3! 234 to 237 46, 47, 49, 52, 74
T ~SiO!3Si* ~CH3! 267 32, 46, 49, 52
TH ~SiO!3Si* ~H! 284 20, 47
Q ~SiO!4Si* 2105 to2110 32, 46, 48, 49, 52
,
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group. T and Q groups are conventional cross-linking and/or bran
ing groups in organosilicon materials and are observed in signific
concentrations in the films produced using PECVD.3,32,49,50The ab-
sence of these groups suggests that cross-linking in the film mu
associated with some other bonding structure. Based upon the
dence of Si-Si bonding observed in Raman spectroscopy, it is
tulated that cross-linking in these films occurs preferentially via t
bonding.

X-ray photoelectron spectroscopy.—Elemental ratios obtained
using X-ray photoelectron spectroscopy~XPS! analysis are reported
in Table V. The highest O:Si ratio is 1.23 for the D4 film deposited
at a filament temperature of 800°C. The higher O:Si ratio for the
film is consistent with29Si NMR data indicating a greater concen
tration of T groups.

A C:Si ratio of less than 2.0 indicates that all films are deficie
in carbon as compared to the precursor molecules. C 1s h
resolution scans confirm that carbon is present exclusively as
thyl. The methyl content appears to depend on filament tempera
with a significant loss of methyl at high filament temperatures
both D3 and D4 films. In all but one film, Si 2p high-resolution scan
showed no evidence of silicon oxidation states other than 21, con-
firming that very little T and Q is present in the films. For the D3
film deposited at a filament temperature of 1100°C, the Si2p
C 1s high-resolution scans show slight shouldering on the m
peaks. One source for this shouldering may be the slight increas
T group concentration observed in29Si NMR ~Fig. 8!. However, this
is inconsistent with the low O/Si ratio reported for this film, an
similar shouldering is not observed in the D4 film deposited at fila-
ment temperature of 800°C, which shows a greater O/Si ratio. M
likely, the shouldering is a shift associated with Si-Si bonding t
becomes visible when the concentration of this moiety is high. T
origin of the shouldering in the C 1s scan is uncertain but is unlik
to originate from carbonyl or methylene moieties in the films,
these would be visible using other spectroscopic techniques~e.g.,
FTIR!.

Atomic force microscopy.—AFM indicated that the films were
very smooth. A typical micrograph is shown in Fig. 10, in this ca
for a D4 film deposited at a filament temperature of 900°C. Ro
mean-square~rms! roughnesses for all films were of the order of 1
nm. The rms roughness of the silicon substrate was 0.53 nm.53 This
in contrast to fluorocarbon films deposited using HFCVD, whi
often show greater roughness and characteristic morphology.54 This
morphology is possible due to the lack of ion and electron bomba
ment, which tends to cause densification and damage to the gro
film during PECVD. The smoothness of our films deposited usin
similar HFCVD process suggests that there is efficient packing
the molecular level in the organosilicon films.

Chemical reactions.—Possible pathways for the production o
film growth species under thermal excitation are shown in Sche
1. Reactions 1-3 describe the molecular rearrangement of D4 to
produce D3 and the intermediate species dimethylsilano
~D1, Me2SivO!, methyl abstraction from the ring to produce a rad
cal ring species, and ring-opening to produce a linear dirad
group, respectively. Reactions 4-6 are analogous pathways for3.

Table V. XPS elemental ratios for HFCVD films from D3 and D4.

Precursor Tf ~°C! O/Si C/Si

D3 860 1.19 1.63
1000 1.14 1.42
1100 1.12 1.38

D4 800 1.23 1.86
900 1.10 1.44

1000 1.12 1.34
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Previous studies have investigated the gas-phase pyrolysis o3

and D4 over a temperature range from 400 to 1100°C and a pres
range from 1024 to 1.0 Torr.22,55-58For the pyrolysis of D4, the only
products observed were D3 and D5, with the rate of formation of D5
decreasing rapidly above 2% decomposition until D3 was the only
product at high conversions.57,58 The formation of the intermediate
D1 was postulated to explain the observed results, and the pres
of D5 explained by recombination of D1 with D4. Other authors have
postulated the existence of D1,

56,59,60and evidence for its existenc
has been collected in matrix IR studies of the vacuum pyrolysis
D4.

22 In the latter study, temperatures from 900 to 1050°C w
used, closer to those used in our work, and significant conversio
D4 to D3 was also noted at these higher temperatures. D1 may result
from the intramolecular rearrangement of D4 at high temperatures
and similar thermal rearrangements have been observed in
dimethylsiloxanes. It has been suggested that these involve the

Figure 10. Atomic force micrograph of D4 HFCVD film deposited at a
filament temperature of 900°C. RMS roughness over image area is 1.1
RMS roughness of bare silicon is 0.53 nm.
Scheme 1. Reaction pathways for the production of polymerization precurs
re

ce

f

of

er
r-

mation of a bicyclic transition state, accounting for the predomin
cleavage of the Si-O bond over the weaker Si-C bond.22,56,60-64

D1 may be a growth precursor for the organosilicon films, with
polymerization mechanism analogous to that postulated for
diradical difluorocarbene (CF2) during HFCVD of fluorocarbon
films.65 Indeed, heterogeneous loss of D1 has been postulated t
account for discrepancies in the mass balance in previous pyro
studies of D4.

58 For the early stages of this pyrolysis~,4% decom-
position!, an activation energy of 3016 6.3 kJ/mol was reported
for Reaction 1.58 This is close to the apparent activation energy
3016 102 kJ/mol estimated from the kinetic data in Fig. 1 for D4,
and suggests that Reaction 1 may be the predominant pathwa
the pyrolysis of D4 at low filament temperatures. It is illuminating t
apply the reported rate law to our CVD system. At low filame
temperatures~e.g., 800°C!, where the conversion of D4 is likely to
be less than 4% and 569°C may be representative of the gas-p
temperatures some distance from the filament, the conversion o4
using this rate law is calculated to be 0.3%. Assuming a fi
density25 of 1.3 g/cm3, the production of D1 could yield film growth
at a rate of 10.8 nm/min on a 4 in. wafer. By comparison, the
measured deposition rate at 800°C was 2.2 nm/min. At higher
ment temperatures~above 1000°C!, the conversion of D4 exceeds
4% and the rate law no longer applies. Hence, film growth by1
generated via Reaction 1 is possible, and could lead to a lin
siloxane backbone structure. This may explain the higher C
ratio in XPS and the lack of ASM doublet structure in FTIR f
the D4 film deposited at a filament temperature of 800°C.

In contrast to D4, the pyrolysis of D3 is not expected to yield
significant quantities of D1. The D2 ring is highly unstable60,66 and
the elimination of D1 from D3 as shown in Reaction 4 is known t
be highly endothermic.58,62 The lack of this pathway for producing
growth species may explain the lower deposition yields observed
D3, despite the molecule’s planar strained conformation and ty
cally high reactivity in heterolytic reactions. Instead, the ruptu
of the silicon-methyl bond via Reaction 5 is likely to predom
nate. In preliminary studies, Davidson and Thompson58 reported on
the kinetics of this reaction for the loss of one methyl group betw
578 and 662°C. Calculations at 662°C analogous to those perfor
for Reaction 1 showed that a loss of one methyl group from D3 via
Reaction 5 could account for a conversion of 0.6% of the precur

.

or species in D3 and D4 HFCVD.
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and could yield film growth at a rate of 76.2 nm/min. If only on
methyl group were lost per D3 molecule, theoR3 ring structure
could be incorporated into the film as a terminal group. Additio
methyl abstraction processes may also occur after the initial l
resulting in incorporation of theoR3 structure as a polymeric~loss
of two methyl groups! or networked unit~loss of three methyl
groups!. Incorporation requires bonding of theoR3 group to another
oR3 group and/or a D1 unit, and, in the absence of free oxyge
involves a silicon-silicon bond. This may be the origin of the a
signed silicon-silicon group observed in Raman spectroscopy.
similar reasoning, methyl abstraction from D4, as shown in Reaction
2, and subsequent incorporation of theoR4 group is possible. How-
ever, no kinetic data has been found for Reaction 2.

Ring-opening is also possible for both D3 and D4, as illustrated
in Reactions 3 and 6. However, direct homolytic cleavage of
Si-O bond in cyclosiloxanes to produce diradicals of the fo
•SiMe2~OSiMe2)nO• is unlikely.60,62 Free radical polymerization o
diradical species produced by Reactions 3 and 6 is thus improb
Ionic polymerization also seems unlikely in an HFCVD enviro
ment, where ions are expected to be short-lived. Such pathway
more likely in a plasma environment, where ionic species form
from the ring-opening of cyclic dimethylsiloxanes have been pos
lated to explain growth mechanisms in organosilicon PECVD fr
similar precursors.1,67-69 Furthermore, if the ring-opening reactio
were the primary contributor to the production of film growth sp
cies, it is anticipated that greater ring strain in D3 would be reflected
in higher growth yields for that precursor. Instead, Fig. 1 shows
deposition yields for D4 are consistently higher than for D3. For
comparison, ring strains of 10.5 kJ/mol for D3 and 1.00 kJ/mol for
D4 have been reported.66 Hence, polymerization of linear specie
produced via Reactions 3 and 6 does not appear to be a dom
mode of film growth.

Growth of the D3 and D4 HFCVD films is thus believed to occu
mainly through the combination of growth precursors generated
Reactions 1, 2, and 5. For D4, there is competition between th
generation of D1 via Reaction 1 and the generation ofoR3 groups
from methyl abstraction in Reaction 2. Since Reaction 1 produ
D3, there is an additional pathway for the incorporation ofoR3
groups generated via Reaction 5. At low filament temperatures,
action 1 may dominate, resulting in film growth primarily from D1

species. At higher filament temperatures, however, evidence ofoR3

incorporation suggests that Reaction 5 starts to compete. For3,
Reaction 5 is the predominant source of potential growth precur
in the form ofoR3 structures. However, it does not appear to be
only source, as all films from D3 show some evidence of incorpora
tion of oR4 and/or lD units in the film structure. Pyrolysis studie
of D3 have shown evidence of appreciable concentrations of4
in the pyrolyzate, and it was found that the concentration
D4 in the pyrolyzate decreased as pyrolysis tempera
increased.55,56 At low filament temperatures, where D4 concentra-
tions are higher, there is probably a significant contribution of R
action 1 to the chemistry. At higher temperatures, where D3 concen-
trations are high, Reaction 1 is probably less favorable and D4 reacts
preferentially via the methyl abstraction process in Reaction 2. T
may explain the shift observed in the Raman band assigned tooR4

and/orlD as filament temperature increases~Fig. 6!. For the 860°C
film, this band is centered close to 495 cm21 but shifts to about 505
cm21 for filament temperatures above 1000°C. There also appea
be a new band that appears near 465 cm21 above this temperature
Most likely, the band centered around 495 cm21 is indicative of a
linear siloxane unit derived from the polymerization of D1. The two
bands that appear at higher temperature are indicative of anoR4 unit
~at 505 cm21! and a larger structure such asoR5 ~at 465 cm21!. The
five-membered siloxane ring,oR5, could originate from D5 via me-
thyl abstraction processes analogous to those in Reactions 2 a
l
s,
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It is thus postulated that growth of the D3 HFCVD film occurs in
two distinct regimes: at low filament temperatures, there is gro
primarily from linear polymeric units (lD) and by the incorporation
of rings consisting of three siloxane units (oR3); at high filament
temperatures, there is growth primarily from three- and higher me
bered siloxane rings~oR3 , oR4 , oR5, and higher!. This growth
model is consistent with previous studies of D3 pyrolysis, in which it
was observed that as temperature increased, the composition o
pyrolyzate changed from a linear polymeric mixture of molecu
weight 1810 to a mixture of cyclic components consisting mainly
D3, D4, and D5.

55

Film structure.—The physical properties of the D3 and D4
HFCVD films show evidence of cross-linking. In particular, a
deposited films are found to be insoluble in common solvents
form visible flakes when scraped off the wafer. In contrast, a po
methylsiloxane polymer with a composition of 30% T and 70%
groups, corresponding to C:Si5 1.70, is a liquid at ambient condi
tions, and more cross-linked polymethylsiloxanes remain resin
up to a composition of about 90% T and 10% D groups, correspo
ing to C:Si5 1.10.66 The HFCVD films show higher C:Si value
between 1.90 and 1.30 but are coherent, hard, and show no evid
of tackiness. Qualitatively, films deposited at higher filament te
peratures are observed to be harder than those deposited at
filament temperatures, suggesting higher cross-link densities. H
ever, the concentration of T and Q groups observed in NMR eve
high filament temperatures is not sufficient to explain the lack
resinous character in the films. Some other type of cross-link
group must be present.

Spectroscopic evidence suggests that this networking occurs
silicon-silicon bonding which may originate during film growt
from ring structures that have lost methyl groups, as illustrated
Reactions 2 and 5 in Scheme 1. These reactions produce c
structural units capable of silicon-silicon bonding. Ring structu
are then ‘‘tiled’’ into the film structure and observed as the moiet
oR3 andoR4. Analogous silicon-silicon bonding of cyclic structure
has been observed in radiation-induced cross-linking of D4,

70 and
occurrences of Si-Si bonding have also been reported for o
organosilicon materials, including siloxane polymers a
hexamethyldisiloxane.71 Raman data confirm that for both D3 and
D4 films, there is a simultaneous increase in intensity for ba
assigned tooR3 and silicon-silicon bonding as filament temperatu
is raised. Reactions 2 and 5 thus appear to be the dominant pat
for silicon-silicon bonding.

Increased cross-link density by silicon-silicon bonding is e
pected to occur at the expense of methyl groups. This is confirm
by XPS data from Table V, which show a decrease in methyl con
as filament temperature is increased, with little correspond
change in oxygen content. From the data, it is possible to specu
on the average number of silicon-silicon bonds per structural u
To form part of a polymeric chain, at least two methyl abstract
events are required per structural unit. For the case where
three-membered siloxane rings are incorporated, data from Tab
correspond to an average loss of 2.0 methyl groups per ring. Fo
case where only four-membered rings are incorporated, these
correspond to an average loss of 2.6 methyl groups per ring. A
of at least three methyl groups per ring is necessary to produ
networked structure. The data are thus consistent with incorpora
of both oR3 andoR4 units in HFCVD films.

Conclusions

HFCVD is a technique capable of producing smooth organos
con thin films of unique structure at high deposition rates. Filam
temperature can be used for controlling the film structure. Dur
the growth process, there appears to be competition between
ways for the incorporation of three-membered and higher order
loxane ring structures, and pathways for the incorporation of lin
structures in the films. For both D3 and D4, there is greater incorpo
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ration of ring structures consisting of three siloxane units (oR3) as
filament temperature is increased. The incorporation of these s
tures is more pronounced for films grown from D3. The D3 films
also show evidence of higher order ring structures such asoR4 and
oR5 at high filament temperatures. By contrast, D4 films show a
greater degree of incorporation of linear, unstrained structures (lD)
over the range of filament temperatures studied. Ring structure
generated from methyl abstraction processes and are incorpo
into the structure via silicon-silicon bonds. In contrast to organos
con films produced by plasma processing, cross-linking via silic
silicon bonding appears to predominate over that from silox
bonds containing tertiary or quaternary silicon atoms.

Acknowledgments

We gratefully acknowledge the support of the NIH under co
tract NO1-NS-9-2323, and the NSF/SRC Engineering Rese
Center for Environmentally Benign Semiconductor Manufactur
in funding this work. This work also made use of the MRSE
Shared Facilities supported by the National Science Foundation
der award no. DMR-9400334 and NSF Laser Facility grant
9708265-CHE.

Massachusetts Institute of Technology assisted in meeting the public
costs of this article.

References
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