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ABSTRACT

SiC coatings have been grown by direct liquid injection of organosilanes in a hot-wall chemical vapor depo-
sition reactor (DLICVD). 1,3-disilabutane (DSB) and polysilaethylene (PSE) were used as single-source pre-
cursors. Amorphous and stoichiometric SiC coatings were deposited under low pressure on various
substrates in the temperature range of 923-1073 K. Thickness gradients due to the temperature profiles
and the precursor depletion were observed along the reactor axis but the thickness uniformity could be im-
proved as a function of the deposition conditions. Growth rates as high as 90 um-h~! were obtained using
pure precursors. The injection of PSE solutions in toluene significantly reduces the deposition rate due to
the decrease of the PSE mole fraction but allows a better control of the growth rates and the microstructure
of coatings. They exhibit a smooth surface morphology and a very dense structure. The films grown using
pure precursors exhibit an Si:C atomic ratio equal to 1:1 while those using toluene solutions are slightly
C-rich (54 at.% C). The presence of solvent vapor in the CVD reactor becomes a source of carbon contamina-
tion at deposition temperatures equal to or higher than 1073 K. The influence of the growth conditions is
discussed, in particular the presence of toluene vapor.

1. Introduction

Silicon carbide (SiC) is used in many fields as bulk or composite
ceramic materials for structural applications and as coating for either
the protection of a base material or its functional properties as thin
film. Indeed, its semiconducting properties at high temperature make
it a good candidate for power electronic components. Moreover, its
high hardness and good thermal and chemical stability allow SiC to
be used as wear and corrosion resistant coatings under severe
environments.

Chemical vapor deposition (CVD) is a suitable process for the de-
position of SiC thin films and also for the densification of the matrix
of ceramic/ceramic composite materials. Different types of silicon
and carbon precursors have been used. The best known Si sources
are silane (SiH4) and chlorosilanes (SiCl4_ xHy), coupled with differ-
ent hydrocarbons like C3Hg as carbon source. Using these dual
sources, SiC epitaxial layers can be achieved in the temperature
range of 1473-2123 K using H, as carrier gas either under low pres-
sure [1] or atmospheric pressure [2,3]. SiC-based composite ceramic
materials are usually performed by chemical vapor infiltration using
methyl-trichlorosilane (CH3SiCls) and H, as a source providing a 1:1
Si:C atomic ratio but a Si excess in the coatings can be obtained [4].
This precursor was also used for the deposition of SiC protective
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coatings under low pressure between 1073 and 1373 K [5], and for
the growth of epitaxial layers at higher temperature (1373-1503 K),
in both cases using H, as carrier gas [6].

Chlorine-free organosilane compounds are a particular family of
precursors developed over the past 20 years. The great interest on
these metal-organic molecules is that they can be used as single-
source precursors because they both offer Si and C atoms in the
same molecule and contain already formed Si—C bonds [7]. Conse-
quently, among their advantages, they allow simplifying the CVD con-
ditions (e.g. only one flow rate of reactant has to be controlled) and
developing low temperature processes due to their lower thermal
stability. Obviously, the film composition depends on the selection
of the precursors. For instance, the use of SiEt, (Et=C,Hs) produces
surprisingly Si-rich SiC films though the Si:C atomic ratio in the
starting molecule is 1:8 as a result of the kinetic lability of Et groups
[8]. However, the film composition can be controlled using a hydro-
carbon as co-reactant to get 1:1 or C-rich SiC coatings [9], and even
for the growth of compositionally modulated SiC; —x layers [10].

More recently, suitably tailored polycarbosilanes containing the
[—SiH,-CH,—] unit and forming a regularly alternating backbone
structure were proposed as CVD precursors with the advantage of a
Si:C atomic ratio of 1:1 identical to SiC. For instance, 1,3-disilabutane
(DSB) [11,12] and polysilaethylene (PSE) [13,14] have been used in
low pressure CVD processes in the temperature ranges of 923-1198 K
and 1148-1273 K, respectively, and using inert gas (N, or Ar) or H,
as carrier gas (Table 1). These two precursors are liquid at room



Table 1

Typical experimental CVD conditions for the growth of Si,C; _x coatings using DSB and PSE as single-source molecular precursors.

Precursors (empiric formula) Deposition temperature (K) Total pressure (Pa) Carrier gas Reference
DSB (CH3-SiH,-CH,-SiHs) 1198 6.7 H, [11]
923-1173 25-55 nr.? [12]
973-1073 6667 N, This work
PSE ([—SiH,-CHy—],, n=3-8) 1148 133-400 Ar [13]
1273 nr.? N, [14]
973 6667 N, This work
923-1073 667; 6667 N,/toluene This work

? n.r. means not reported.

temperature and exhibit a sufficient volatility, although relatively low in
the case of PSE when the number of [Si—C] units is near 8 (Table 2).
Indeed, this last compound is a mixture of linear, branched and cyclic
oligomers [13,14]. The low volatility limits the flow rate of precursor
in the gas phase and then the growth rate of the CVD coatings.

On the other hand, pulsed direct liquid injection is an emerging
technology for CVD processes (namely DLICVD) to deliver high flow
rates of precursor vapor, even if they have a low volatility. This is re-
quired to develop large scale CVD reactors. Such processes are mainly
used in microelectronics to deposit functional oxide thin films [15].
The growth of monolithic [16] and multilayer nanostructured
chromium carbide and nitride coatings [17] was also reported by
DLICVD. Regarding SiC coatings, a solution of hexamethyldisiloxane
((CH3)3SiOSi(CH3)3) in ethanol was injected by a DLI system in a
plasma-assisted CVD reactor for the growth of SiC and SiN4O,C, coat-
ings, at 1023 K, using thermal Ar/H, and Ar/H,/N, plasma, respectively
[18]. Solutions of the solid compound 1,4-bis(trimethylsilyl)benzene in
n-pentane, hexamethyldisilane or bis(trimethylsilyl)acetylene as sol-
vents were used in a plasma-assisted liquid injection CVD process to
grow SiC films at 573 K [19]. No report was found on DLICVD of SiC
without the high reactivity of Ar/H, plasma assistance.

This paper deals with thermal DLICVD of SiC coatings in a hot-wall
horizontal reactor using DSB and PSE as single-source precursors. The
goal is to develop SiC protective coatings on pieces of large sizes and
complex shapes for various applications, particularly in the nuclear
industry. For this purpose, new thermal CVD processes aiming at
high deposition rates, large-scale capacity and relatively low deposi-
tion temperatures are investigated. High deposition rates are desired
for processes with high throughput while moderate temperature are
aimed in order to be compatible with CVD of other carbide materials
for the production of future multilayer coatings based on these SiC
layers as for instance SiC/HfC [20]. Pure DSB and PSE as well as solu-
tions of PSE in toluene as solvent have been injected in a low pressure
CVD reactor at temperatures in the range of 923-1073 K. The influ-
ence of the growth conditions, including the effect of the solvent
vapor on the growth rate and thickness uniformity along the reactor,
and on the structure and composition of the coatings is presented.

2. Experimental

The organosilanes DSB (purchased from Gelest) [21] and PSE
(Starfire® CVD-4000) [13] were commercially available. These liquid
compounds are flammable in air and moisture sensitive. They were

used without further purification and, as recommended, they were
handled in an Ar atmosphere of a glove-box. When pure precursors
were used, fractions of approximately 5 g were transferred into
small containers to be connected to the CVD set-up. They are highly
soluble in toluene used as solvent for specific experiments. The DSB
compound was used only as pure liquid precursor while PSE was
used directly as pure precursor and as solutions in toluene. The PSE
solutions in toluene were also prepared under inert atmosphere
using a vacuum Ar manifold (Schlenk line), then they were stirred
half an hour at room temperature. Two concentrations of PSE in tolu-
ene were prepared: 10 and 15 g-dm ™2 for CVD runs performed at 6.7
and 0.67 kPa, respectively. The largest concentration compensated
for the lower total pressure to maintain approximately the same
partial pressure of the precursor. This most concentrated solution
was used only in preliminary CVD runs.

The CVD set up consisted of different components aligned horizon-
tally including liquid injectors, a mixing and vaporization chamber
and a tubular quartz reactor. The reactor was connected to a vacuum
pumping system and a device to treat exhaust gasses (scrubbers).
The injector was supplied with liquid precursor from a N, pressurized
container (200 kPa) and the pulsed spray was flash vaporized in a
chamber heated at 473 K (Kemstream injection/atomization system).
The vapor was transported into the deposition zone by 500 sccm
of N,. The growth was performed in a horizontal hot-wall CVD quartz
reactor, 2.6 cm in diameter and 60 cm long. It was heated by a
one-zone tubular furnace producing a typical isothermal length of
about 20 cm. The total pressure during the growth was automatically
controlled and maintained constant at 6.7 kPa for all experiments
reported here. Preliminary CVD runs were performed at a lower total
pressure of 0.67 kPa but they are not commented in detail because
the composition, morphology and structure of the coatings are not
significantly different from the results obtained at 6.7 kPa.

The amount of precursor used for each run was computer monitored
by the injection parameters. For DLICVD using pure precursors, the
frequency and the opening time of the injector were 2 Hz and 0.5 ms,
respectively. From these injection conditions, the molecular flow rate
(F;) of the precursor i can be determined according to Eq. (1):

Fi=d; «V;/t=M; (1)
where d; is the density of the precursor (Table 2), V; is the total volume

of liquid precursor injected, M; is its molecular weight (90 g-mol ! for
DSB and the arbitrary value M, =2000 for PSE that is a mixture of

Table 2

Physical properties of the molecular precursors and the solvent used in DLICVD of SiC coatings (all data in standard conditions, i.e. at 10° Pa or 298 K).
Precursors m.p. (K)? b.p. (K)* Vapor pressure (kPa) fp. (K)* Density (g-cm™>) Dynamic viscosity (mPa-s) Ref.
DSB <273 317 54.1 <273 0.674 n.r.? [21,41]
PSE 233 343-423¢ 0.67 282 0.885 1.52 [13]
Toluene 180 383 29.1 277 0.87 0.58 [42,43]

a
b

m.p. melting point; b.p. boiling point; f.p. flash point.
n.r. means not reported.
¢ Values determined at 267 Pa.



linear, branched and cyclic oligomers according to [13,14,22]) and
t is the duration of the CVD run. Therefore, using pure precursors,
the molecular flow rate of precursors was 1981073 and
1.12+10"* mol-min~—! for DSB and PSE, respectively. When PSE
solutions in toluene were used, the frequency and the opening time
were 10 Hz and 0.5 ms, respectively. Under these conditions, 95 cm?
of a solution of 10 g-dm™2 was injected in 75 min, which corresponds
to a molecular flow rate of the PSE precursor of 6.3+10~° mol-min™",
which is 18 times lower than using the pure PSE precursor. The thick-
ness of the coatings was adjusted by the deposition time, which
was, for instance at 973 K, 10 min and 20 min using DSB and PSE,
respectively, as pure precursors and 75-155 min for the PSE solutions
in toluene of 10 g-dm ™3, Si(100) wafers (10+15+0.4 mm?) and small
graphite plates (1714x3 mm?) were used as substrates. The graphite
was of grade 2333 from Carbone Lorraine Composants (density
1.86 g-cm~>; coefficient of thermal expansion 6.0+1076 °C~1). They
were ultrasonically cleaned in ethanol and then placed along the longi-
tudinal axis of reactor. Prior to the deposition, the set up was vacuum
purged for a few hours using a turbomolecular pump (1072 Pa).

The coating morphology has been characterized by scanning elec-
tron microscopy (SEM). The surface roughness was measured using
an optical surface profiler (a white light interferometer, NewView
100 model of Zygo). The chemical composition was analyzed by elec-
tron probe microanalysis (EPMA) using the model SX50 of Cameca.
Secondary ion mass spectrometry (SIMS) was performed by analyz-
ing positive secondary ions in high resolution mode using Cs* bom-
bardment (Cameca IMS 4F6 spectrometer). The coating structure
was determined by X-ray diffraction (XRD) over the 26 angular
range of 10-80° using a Seifert XRD 3000TT apparatus either in the
Bragg-Brentano configuration (Cu Kq(1 +-2) radiation, equipped with
a diffracted beam graphite monochromator) or at grazing incidence
(4°) depending on the film thickness. The total content of hydrogen
in the films has been determined by Elastic Recoil Detection Analysis
(ERDA). Coatings grown on high-resistivity Si(100) wafer polished
on both sides were analyzed by IR transmission using a Nicolet
5700 spectrometer in the frequency range of 400-4000 cm ™. The
chemical environment of the elements constituting the coatings
was investigated by X-ray photoelectron spectroscopy (XPS) using
a monochromatized Al X-ray source (K-Alfa spectrometer from
Thermo Scientific). As preliminary study of the mechanical proper-
ties, the hardness of some samples was determined by micro- and
nano-indentation. Micro-indentation tests were performed on the
thickest films using a Vickers diamond micro-indentor (Buehler
Company) using loads from 0.05 to 1 kg. The hardness and the Young
modulus of a couple of coatings were determined from a series of in-
dentations employing a nano-indenter instrument (CSM Instrument)
equipped with a Berkovich indenter. The tests were conducted using
indentation loads of 20 mN for 30 s. The data were treated according
to the method of Oliver and Pharr [23].

3. Results

A particularity of horizontal hot-wall CVD reactor is that there is
an isothermal zone (here ca. 20 cm long between the coordinates
23 and 43 cm from the entrance) and two non-isothermal zones on
both sides at the entrance and outlet of the reactor. As a result a de-
pletion effect of the precursor occurs as its consumption increases
along the reactor due to the gas phase decomposition and the growth
of the coating. Consequently, the local CVD conditions near the sub-
strates, i.e. temperature and precursor concentration, significantly
change along the reactor. By contrast, depletion effects are strongly
limited in cold-wall CVD reactors but up-scaling for production ca-
pacity is more limited. The growth was investigated as a function of
the CVD parameters, essentially the nature of the precursor, the effect
of a solvent, the local temperature (given by pre-established experi-
mental charts) and the coordinate of the samples along the reactor

from the gas inlet which is related to the local mole fraction of the
precursor.

3.1. Growth using pure DSB and PSE precursors

SiC coatings were grown using pure DSB precursor between 973
and 1073 K at a total pressure of 6.7 kPa. At 973 K, samples in the iso-
thermal zone exhibit a heterogeneous surface morphology revealing
a nodular growth which leads to a high surface roughness and a low
density (Fig. 1a). This morphology is generally observed when
adsorbed reactive species exhibit a low surface mobility, i.e. a slow
surface diffusion resulting from a low deposition temperature. A
cross section view clearly shows the high roughness (R,=2.9 pm)
and porosities (microvoids) in a coating of approximately 5 pum
thick (Fig. 1b). As frequently observed for this ceramic material, the
CVD coatings grown on Si(100) show many cracks forming a net-
work. They originate from residual stresses and in particular thermal
stresses due to the difference of the expansion coefficient between
the coating and the substrate. By increasing the deposition tempera-
ture to 1073 K, the films are always cracked but they exhibit a smooth
and uniform surface morphology and a high density (Fig. 1¢). Due to
the smoother surface morphology, the crack network is more visible
than at lower temperature (973 K). The surface roughness R, of a
coating of 1.5 um thick is only 77 nm (Fig. 1d).

The surface morphology of SiC films grown using pure PSE as
starting material is very similar to one of the samples prepared with
pure DSB (Fig. 2a). A 3D growth tends to be observed at low temper-
ature as the result of the growth of several grains more or less per-
pendicularly to the surface. No evidence of 1D growth that would
form fibers, tubes or rods was found. By comparing Figs. 1a and 2a,
the surface roughness appears higher using pure PSE as precursor
but this is due to the greater thickness of the coating. As for DSB pre-
cursor, the surface roughness significantly decreases and the density
is improved by increasing the deposition temperature (Fig. 2b).
With both precursors, by-products in the form of yellowish to
brown powders were observed at the exit of the reactor on the cold
part.

The variation of the growth rate along the CVD reactor is shown in
Fig. 3 for runs performed at 973 K using both precursors. Observation
of the reactor wall after deposition reveals that the onset temperature
of deposition is approximately 910 K using DSB precursor. For this
precursor, advancing along the reactor the growth rate increases to
a maximum around 60 um-h~! near the center of the reactor (local
temperature 950 K) and then it decreases slightly towards the exit
as a result of the depletion of the DSB precursor. At the same furnace
temperature, the profile of the growth rate along the reactor using
pure PSE is also comparable (Fig. 3). The onset temperature of depo-
sition is estimated at 915 K but the maximum of the growth rate
peaks is at 90 pm-h~!, which is significantly higher than using DSB
precursor.

All the as-deposited films using pure DSB and PSE are X-ray amor-
phous. Their chemical composition was found stoichiometric in the
isothermal zone and independent of the position of the sample in
the reactor (Table 3).

3.2. Growth using PSE solutions in toluene

In preliminary experiments using PSE solutions in toluene, thin
films were deposited at a total pressure of 0.67 kPa in the tempera-
ture range of 923-948 K. The growth rate found at 923 K was low
(0.12 um-h~ ') and in good agreement with the fact that this temper-
ature was near that of the onset of deposition mentioned above using
pure PSE. In order to improve the decomposition rate of PSE precur-
sor, the residence time of the species in the reactor was increased
by increasing the total pressure and all subsequent runs were made
at 6.7 kPa, as for pure precursors, between 973 and 1073 K.



"U’;w ﬂ,&‘

Mag= 200K X

"*‘"* (d)

H1=1.474 pm

WD = 16 mm EHT = 15.00 kV

Fig. 1. SEM micrographs of SiC coatings grown by DLICVD on Si substrates at different temperatures using DSB precursor: (a) 973 K, top view; (b) 973 K, cross section; (c) 1073 K,

top view; (d) 1073 K, cross section.

Samples in the isothermal zone prepared at 973 K, exhibit a very
smooth surface morphology, a high density and always an important
network of microcracks (Fig. 2c, d). Nodular outgrowths emerge
sometimes from the smooth surface. The average size of these hetero-
geneities is a few microns and their density of distribution over the
surface is around 10* cm~2. By increasing the deposition tempera-
ture to 1073 K, the distribution density of these heterogeneities
tends to decrease but this depends also on the coordinate of the sam-
ples along the reactor. SEM cross sections of coatings grown at 1073 K
always exhibit a smooth surface morphology (R,=130 nm) and a
high density (Fig. 2e). Apart from the many cracks that traverse the
SiC film to the interface with the substrate, causing an early scaling
in some areas, the adherence on Si seems pretty good. However, evi-
dences for a better adherence of SiC coatings on graphite substrate
were found from SEM cross section analysis even if microcracks are
always present in the coatings on the graphite. A surface density of
cracks defined as the relative area of open porosities created by the
cracks per surface unit (given in %) was measured from SEM top
views using an image manipulation software. This surface density of
cracks was estimated at 5%+ 1% and it does not change between
973 and 1073 K.

Fig. 4 shows the variation of the growth rate along the CVD reactor
for different set temperatures. When the furnace temperature is set at
1023 and 1073 K, the onset temperature of deposition is estimated at
978 and 1023 K, respectively. For the set temperature of 973 K, it was
difficult to estimate the coordinate of the beginning of growth and
then the onset temperature of deposition because of a diffused and
hazy film that was formed over a relatively long distance. As using
pure precursors, the growth rate passes through a maximum which
is shifted upstream when the furnace temperature is increased from
973 to 1023 and 1073 K. The maximum growth rate increases signif-
icantly with the set temperature from 1.4 to 5.6 and 9.9 um-h™ !,
respectively, indicating that the process is thermally activated.

Compared to the CVD run using pure PSE, the significant decrease in
the maximum growth rate at 973 K is nearly in the proportions of
the reduction of the molecular flow rate of the precursor. At 1073 K,
the maximum growth rate is near the center of the reactor and a de-
pletion effect of the precursor is more strongly observed than at lower
temperature.

As-deposited coatings deposited in the temperature range of
973-1073 K using PSE solutions in toluene are X-ray amorphous
whatever the substrate (Si or graphite) is. The XRD patterns exhibit
only a small and broad hump centered on the positions expected for
the most intense peaks of cubic SiC (Fig. 5). After vacuum annealing
at 1273 K for only ca. 30 min, the (111), (220) and (311) peaks of
cubic SiC clearly appeared, revealing a polycrystalline structure of
the annealed coatings (Fig. 5). The peaks are broad and an average
crystallite size of ca. 4 nm has been determined using the Scherrer
method.

The composition of films grown using PSE solutions in toluene has
been analyzed by EPMA for different set temperatures and coordi-
nates of the samples along the reactor (Table 3). For all the coatings,
the oxygen contamination is near the detection limit (<1 at.%). At
973 and 1023 K, the films are slightly C-rich (54 at.% C) and their
composition is uniform and independent of the position of the sam-
ples. At higher temperature (1073 K) in the first half of the reactor,
the C content is 53 at.% and it increases downstream to reach typical-
ly 64 at.% in the second half.

Fig. 6 shows a typical SIMS depth profile analysis of a sample
grown at 973 K on a Si substrate. The flat profiles of Si, C and H reveal
that the distribution is very homogeneous through the film thickness.
Traces of oxygen appear at the interface resulting likely from the
native oxide of the Si substrate and a contamination of its surface
prior to the deposition (hydrogen is also enhanced in this region).
The composition of this sample determined by EPMA was
Sio.47C0.520001. Other SIMS profiles of samples grown at higher
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Fig. 2. SEM micrographs of SiC coatings grown by DLICVD on Si substrates using PSE precursor: (a) 973 K, pure PSE, top view; (b) 1073 K, pure PSE, cross section; (c) 973 K, PSE in
toluene solution, top view; (d) 973 K, PSE in toluene solution, cross section; (e) 1073 K, PSE in toluene solution, cross section.

temperatures are very similar confirming the good uniformity of Si, C
and H through the entire thickness of the films.

Hydrogen is a chemical element frequently present in amorphous
SiC films. The total amount of hydrogen determined by ERDA was
12 at%+1 for a coating as-deposited at 973 K on Si substrate. After
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Fig. 3. Variation of the growth rate of SiC coatings along the DLICVD reactor using pure
DSB (@) and pure PSE (A) at the set temperature of 973 K (total pressure 6.7 kPa). The
temperature profile is also reported. The growth rate was determined from the weight
gain of the samples. A typical uncertainty is indicated by an error bar. The curves are a
guide for the eyes and they are extrapolated to the onset of deposition as observed on
the quartz reactor.

vacuum annealing at 1273 K for ca. 30 min, the total hydrogen
content decreases to 5 at.% 4 1. This gives evidence for a hydrogen
release during the annealing, which results in crystallization of the
coating (Fig. 5).

The concentration of hydrogen bonded to silicon, namely [Si—H],
can be readily determined by transmission IR spectroscopy in

Table 3

Chemical composition (EPMA data) of SixC; — coatings grown by DLICVD using pure
DSB, pure PSE and a PSE solution in toluene as precursors. The compositions are
given for different samples depending on the set temperature of the furnace and
their position along the reactor axis from the gas inlet (total pressure 6.7 kPa).

Precursor Set Position in the Sicontent C content O content
temperature reactor axis (at.%) (at.%) (at.%)
(K) (cm)
DSB 973 19 53 47 n.d.?
34 51 49 nd.?
PSE 973 22 48 52 n.d.?
32 50 50 n.d.?
PSE/Toluene 973 33 45 55 nd.?
38 47 52 1
1023 27 45 52 3
38 46 53 1
1073 27 45 53 2
38 35 64 1
43 35 64 1

# Not determined because the value was near the detection limit estimated at ca.
1 at.%.
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Fig. 4. Variation of the growth rate of SiC coatings along the DLICVD reactor using a PSE
solution in toluene for different set temperatures: (a) 973 K, (b) 1023 K and
(c) 1073 K (total pressure 6.7 kPa). The growth rate was determined from thickness
measurements on cross sections by SEM. The curves are a guide for the eyes and
they are extrapolated to the onset of deposition as observed on the quartz reactor.

Si-based coatings according to the Lanford et al. method [24], applied
later to reactive sputtering a-SiC:H coatings [25]. IR spectra of films
grown on Si(100) show an absorption band at 2103 cm ™! assigned
to the Si—H stretching modes. Using the IR absorption cross section
previously reported [24,25], a [Si—H] proportion of 0.9, 0.6 and
0.4 at.% has been determined for coatings as-deposited at 973, 1023
and 1073 K, respectively. This reveals a decrease of the number of H
bonded to Si as the deposition temperature increases. So the concen-
tration of Si—H (ca. 1 at.%) is lower than the total content of hydrogen
(ca. 12 at.%) for a-SiC:H coating grown at 973 K. In addition to the sig-
nificant uncertainty of the IR method, the difference can be explained
(i) by the H bonded to C, as evidenced by the C—H stretching bands at
2845 and 2915 and a small shoulder at 2955 cm ™!, and (ii) probably
by molecular hydrogen trapped in microvoids as reported for a-Si:H
[26]. The C-H stretching modes are more intense than Si—-H
stretching bands suggesting that the number of C—H bonds is higher
than that of Si—H. In a-SiC:H films grown by reactive sputtering a
ratio C—H/Si—H of about 3 was reported [25] in good agreement
with the results on pyrolytic conversion to SiC starting from PSE pre-
cursor confirming that most of H was bonded to C [22]. Assuming
such a ratio of 3, the total content of H bonded to both the Si and C
determined by IR would be approximately 4 at.% that is still lower
than the total amount of H analyzed by ERDA (12 at.%). This supports
the idea that molecular hydrogen is trapped in microvoids of the
amorphous layer.

Fig. 7 shows high resolution XPS spectra of C 1s and Si 2p regions
of SiC coatings grown at 1073 K on Si substrate using a PSE solution in
toluene. A deconvolution with the proportion of each component is
also given. The surface of as-deposited a-SiC:H film exhibits
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Fig. 5. XRD patterns of SiC coatings as-deposited at 1073 K on graphite substrate using
a PSE solution in toluene and after annealing at 1273 K under vacuum for 30 min. The
XRD pattern of the graphite substrate is also reported.
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Fig. 6. SIMS profiles of a SiC film grown on silicon by DLICVD using PSE solution in
toluene as precursor. The set temperature for the growth was 973 K. The composition
determined by EPMA of this sample was Sig 47C0.5200.01.

essentially C—C/C-H (42%) and Si—0O (26%) components and to a
lesser extent C— O and Si— C bonds. This is characteristic of a contam-
ination layer due to the handling of the sample in the ambient atmo-
sphere (Fig. 7a). After in situ cleaning by Ar* sputtering, the XPS
spectra of Si 2p and C 1s show an atomic environment more represen-
tative of the bulk of the coating (Fig. 7b). No evidence for Si- Si bonds
was found indicating that there is no phase of Si. Traces of oxygen are
bonded to Si and the main component of Si 2p is due to Si— C bonds at
100.6 eV (45%). Two components are found for the C 1s core level;
the carbide SiC at 283.4 eV (40%) and a free C or an organic form at
284.5 eV (8%). The presence of a small amount of free C is consistent
with the slight excess of C found by EPMA for coatings grown using
PSE solutions in toluene since the composition was Sig45Co.5300.02
(Table 3).

Micro-indentation tests were performed on a series of SiC coatings
deposited at 1073 K on Si substrate using PSE solutions in toluene.
Their thicknesses were between 5 and 12 um. As expected, it was
found that the hardness of the coatings decreased by increasing the
load as a result of a stronger influence of the substrate. For these sam-
ples, the Vickers microhardness determined at low loads was typical-
ly HVp1=2300450. The hardness of a couple of a-SiC:H coatings
as-deposited at 1023 and 1073 K on silicon was also determined by
nano-indention. Their thickness was 5 and 11 pm, respectively. A
hardness of 22 and 23 GPa was found and an elastic modulus of 180
and 190 GPa was measured, respectively.

4. Discussion
4.1. Comparison of pure DSB and PSE precursors

The two compounds DSB and PSE were previously used in MOCVD
(Table 1) and this work demonstrates that they exhibit suitable phys-
ical properties (Table 2) to be employed directly as liquid precursors
in DLICVD processes to produce SiC coatings. Their thermal stability is
very similar because when they are used as pure precursors under the
same hydrodynamic conditions in a hot-wall CVD reactor, the onset
temperature of deposition is equivalent, 910 and 915 K, respectively.
This is consistent with their parent structure based on [Si—C] back-
bone that prefigures the formation of SiC via polymerization and
cross linking mechanisms as previously reported [22]. As a result, at
the same deposition temperature of 973 K, the coatings grown
using these pure precursors exhibit the same surface morphology
(Figs. 1a, b and 2a) and an amorphous structure with a stoichiometric
composition (Table 3). An increase of the deposition temperature
does not change the stoichiometry but this significantly improves
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Fig. 7. High resolution XPS spectra of C 1s and Si 2p regions of SiC coatings grown at 1073 K on Si substrate using a PSE solution in toluene: (a) as-deposited; (b) after Ar* sputtering

to clean the surface. The proportion of each component is also indicated.

the microstructure which becomes, for instance at 1073 K, very dense
with a smooth surface morphology (Figs. 1c, d and 2b). This is due to
the higher surface diffusion of the adsorbed nutrient species, i.e. the
chemical species adsorbed on the growing surface coming from the
gas phase that are directly involved in the growth of the layer.

The variation in the growth rate also provides evidence for a
similar kinetic behavior of the two precursors (Fig. 3). The deposition
rate increases sharply along the first 10 cm to a maximum near the
beginning of the isothermal zone. This indicates that the process is
thermally activated because the temperature is increasing in this
part. In the isothermal zone, after the maximum, the growth rate de-
creases slightly due to the depletion of the precursor. At this stage, we
have not tried to improve the uniformity of thickness in the reactor
axis but this will be possible in future work by modeling of the CVD
reactor. For instance, in this tubular isothermal CVD reactor, a simple
1D model has been used previously to optimize the thickness unifor-
mity of Ni films [27]. Obviously, more complex 2D and 3D simulations
of SiC growth could be applied for a complete understanding of the
process as reported for a horizontal hot-wall CVD reactor using
SiH4/C3Hg as precursors [28]. In this objective, a key point is the
knowledge of the chemical mechanisms and kinetics of the process.
From this point of view, our results will be a first set of experimental
data.

The fact that a very high growth rate was measured and a 1:1 Si:C
ratio was analyzed in the coatings as in the two precursors suggest
that the mechanism previously reported for pyrolytic conversion to
SiC holds also in CVD processes. Indeed, in pyrolytic experiments, it
was demonstrated that the decomposition occurs essentially by Ha
loss leading to a high ceramic yield of ca. 85% rather than by cleavage
of Si—C bonds which would release light organic by-products [22].

These precursors also provide a high yield of the CVD process as
supported by the high values of the maximum growth rate, 60 and
90 um-h~! for pure DSB and PSE, respectively. This is consistent
with a high apparent ceramic yield as previously reported [22]. The
maximum growth rate is approximately 50% higher for PSE and

slightly less on average along the reactor. This difference between
the two precursors seems important but it is mainly due to the differ-
ence in the mass balance rather than different kinetics and reaction
pathways. Indeed, for the data of Fig. 3, if the injection conditions
(2 Hz, 0.5 ms), the deposition temperature (973 K), total flow rate
(500 sccm N3) and total pressure (6.7 kPa) were the same using
pure DSB and PSE, on the contrary the duration of the run (10 and
20 min, respectively), the density (Table 2) and the molecular weight
of the precursors were different. An estimation of the molecular flow
rate of [Si—C] units provided by each precursor can be determined
from their molecular weight and the empirical formula of linear
polycarbosilanes (Si— C)xHax 1 2. Ideally, 1 mol of precursor provides
x moles of [Si—C] units and it is deduced that x=(M—2)/44,
where M is the molecular weight of the precursor. Assuming a very
narrow molecular weight distribution for PSE (My/M,=1; M, =
2000) [13,14,22], the x values are 45 for PSE and only 2 for DSB.
Using the molecular flow rate of precursors calculated by the
Eq. (1), the molecular flow rates of [Si—C] units delivered using DSB
and PSE are 3.96x1073 and 5.04+10> mol-min~!, respectively.
The excess of [Si—C]| units of approximately 27% starting from PSE
accounts for the higher growth rate found using this precursor.

4.2. Starting with PSE solutions in toluene: effect of the solvent

SiC coatings grown at 973 K using PSE solutions in toluene exhibit
a very smooth surface morphology compared to those deposited
using pure precursor (Fig. 2c-e). In presence of toluene, there is a sur-
factant effect during the growth which leads to a surface morphology
similar to that obtained without toluene but at a deposition tempera-
ture greater than 100° (Fig. 1c, d). Surfactant assisted-CVD processes
have been reported [29,30]. Such processes have been used for in-
stance to improve the filling of narrow trenches in metallization of
microelectronic devices [31]. It is well known that a 3D island growth
mode can be switched to a layer-by-layer growth mode using
adsorbed species which act as surfactant to enhance the nucleation



density and the surface mobility of the deposited atoms by lowering
the surface free energy [32]. Here we found evidence that toluene
promotes the lateral growth to significantly decrease the surface
roughness and then it acts as a volatile surfactant.

Another evidence that toluene is involved in the growth mecha-
nism is given by the slight excess of carbon in the coatings deposited
in the low temperature range of 973-1073 K since the Si:C ratio of the
film passes from 1:1 without toluene to 1:1.2 with the solvent
(Table 3). Although the growth rate changes along the reactor
(Fig. 4), the film composition is constant and independent on the co-
ordinate of the samples for temperatures lower than 1073 K
(Table 3). Although toluene was reported to be thermally stable
below 1073 K [33], it contributes to an increase of the C concentration
in the coatings but there is no evidence that the C excess originates
directly from the toluene decomposition at temperatures lower than
1073 K. The toluene stability was confirmed by specific experiments
in this DLICVD reactor. Indeed, when pure toluene was injected at
1073 K a very thin, light gray and transparent film of pyrocarbon
was formed on the reactor wall while no significant decomposition
was found at lower temperatures. Consequently, for SiC grown
using PSE solution in toluene at 1073 K, the C content is increased
along the reactor axis to 65 at.% C in the second half, while it is
constant at lower temperature (55 at.% C), indicating that pyrolysis
of toluene likely occurs for T>1073 K and contributes to C incorpora-
tion in the coatings (Table 3).

The role of toluene at temperatures lower than 1073 K is less
clear. When it is adsorbed on the surface of the growing film it likely
acts as a surfactant. However its concentration in the gas phase is
much higher than that of the PSE precursor and it can be involved
in homogenous reactions. For instance, it was used previously as
free radical scavenger in MOCVD to highlight radical mechanisms by
changing the kinetics of the process [33,34]. By reacting with radicals
from the precursor it increases the decomposition temperature by a
retardation of pyrolysis [34]. On the other hand, the thermal decom-
position of PSE was reported to be a free radical process for tempera-
tures higher than 748 K [22]. Consequently a radical mechanism
likely occurs in the DLICVD reactor in the temperature range of
923-1073 K. A study on the pyrolysis of PSE had demonstrated that
this compound was completely decomposed at ca. 923 K to form a
3D network structure [22]. This is consistent with the onset tempera-
ture of deposition found at 915 K for pure PSE (Fig. 3). We cannot
compare with the onset temperature of deposition using PSE solution
in toluene to see a possible effect of the solvent because we were not
able to determine precisely this temperature. However, for CVD runs
at 973 K, we observed a shift of the maximum growth rate from ca.
25 cm (Fig 3) to ca. 45 cm (Fig. 4) using pure PSE and PSE solution
in toluene, respectively. This shift can be due to a hydrodynamic ef-
fect but the presence of radical scavengers in the mechanism can
also be a cause. From the dwelling time of the chemical species in
the reactor, we determined the time required to reach the maximum
growth rate as 1.1 and 1.3 s, respectively. The longer time in presence
of toluene argues for a radical scavenger effect. Of course this is not a
final confirmation and further study on the mechanism is necessary.

A small amount of hydrogen is incorporated in the coatings.
Regardless of the deposition temperature in the range of 973-1073 K,
the Si— H stretching mode is found at 2103 cm ™ ! that is higher than iso-
lated monohydride modes (Si;_«Cx)Si—H expected at ca. 2000 cm !
forx=0or 1, and at ca. 2060 cm ™ for x=2 or 3 [35]. This absorption
band could be attributed either to dihydride SiH, modes with or
without C as neighbor atoms or to clustered monohydrides [24,35,36].
Interestingly, these modes are a feature of hydrogenation of internal
surfaces of microvoids as reported for a-Si:H [24] and a-SiC:H [36].
This supports the existence of microvoids in the DLICVD coatings.
They can trap molecular hydrogen in the H release process leading to
a 3D SiC network. The presence of molecular hydrogen is supported
by the difference between ERDA and IR analyses.

4.3. Preliminary mechanical properties

The Vickers microhardness of a-SiC:H DLICVD coatings deposited
on Si(100) at 1073 K is HVy; =2300 =+ 50 that is slightly lower than
that of SiC coatings grown on the same substrate at 973 K by activat-
ed reactive evaporation, which were also C-rich (C:Si 1.17 compared
to 1.22) but these SiC coatings were polycrystalline while the
DLICVD coatings are amorphous [37]. The high value of nanohardness
(23 GPa) confirms that they are hard coatings and not inorganic
polymer materials.

In CVD processes, significant residual stresses (0;) are expected in
the coatings due to the contribution of both thermal (0y,) and intrin-
sic (03) stresses. Observation of many cracks in SiC coatings is consis-
tent with high tensile residual stresses which facilitate the opening
and propagation of cracks. The thermal stresses can be determined
according to Eq. (2):

O = (Ogic—0g) * AT * Egic /(1 —sic) (2)

where Esic, vsic and asic are the Young modulus (240 GPa), the
Poisson's ratio (0.2) and the thermal expansion coefficient (ouic=
45%107% K1) [38] of SiC films [39], AT is the difference of tempera-
ture and o is the thermal expansion coefficient of the substrate
(0si=2.5+107°% K~ ! [40] and otgraphite =6.0+107° K~ 1). For instance
at 1073 K, tensile (+465 MPa) and compressive (— 349 MPa) thermal
stresses were calculated for the coatings on Si and graphite, respective-
ly. Since many cracks are observed on the two substrates, we assume
that a-SiC:H coatings are in tension, ie. O,= Oy, + 0;<0. Assuming
that the intrinsic stresses are the same regardless of the substrate,
high tensile intrinsic stresses are expected to compensate the compres-
sive thermal stress of the coatings on graphite. This dominant tensile
intrinsic stress is induced by the growth mechanism and more precise-
ly by the densification of the coatings resulting from the release of
residual hydrogen from the growing SiC layer.

5. Conclusions

Amorphous SiC coatings were deposited by DLICVD at 973 K
(700 °C) using the organosilanes DSB and PSE as pure liquid precur-
sors. These coatings retain the 1:1 Si:C atomic ratio of the molecular
precursors. The high growth rates obtained are consistent with a
high yield of the DLICVD process using these single-source precur-
sors. This is in good agreement with the high ceramic yield found in
pyrolytic conversion to SiC [22]. Indeed, the decomposition mecha-
nism essentially proceeds by H, release via a free radical mechanism.
This mechanism also seems to occur in a CVD reactor. Both precursors
exhibit the same kinetic behavior leading for instance to an equiva-
lent variation of the growth rate along a horizontal hot-wall CVD re-
actor. At 973 K, the coatings have a nodular surface morphology, a
high surface roughness and low density. At 1073 K, the surface mor-
phology becomes smooth, the structure is dense and a network of
microcracks is more visible.

C-rich (54 at.% C) and amorphous SiC coatings were deposited by
this process in the temperature range of 923-1073 K using PSE solu-
tions in toluene. The vapor of the solvent acts as surfactant because
very smooth surface morphologies were observed at low temperature
(973 K). Although toluene was reported to be stable below 1073 K, it
is involved in the decomposition mechanism of PSE, possibly as free
radical scavenger, and it contributes to a slight increase of the C con-
centration in the coatings. Beyond 1073 K, toluene undergoes a pyrol-
ysis that increases more significantly the C incorporation into the
films (65 at.% C). These hard coatings exhibit many cracks likely due
to high tensile intrinsic stresses induced by the growth mechanism
that is essentially a densification with hydrogen release from the
growing layer. These intrinsic stresses are dominant compared to
the thermal stresses.



This work demonstrated that a PSE solution in toluene is a good
candidate as a liquid precursor for DLICVD of SiC in large scale reactor.
Investigation on the mechanism and modeling of the growth rate
are currently in progress to improve the thickness uniformity in the
reactor axis.
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