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Abstract

Chemical vapor deposited SiC coatings were investigated at different scales by X-Ray
diffraction, Raman microspectroscopy and transmission electron microscopy. They were
prepared under specific conditions explaining the various (micro)structures obtained. The
deposits all have a columnar morphology with a preferential orientation and a faulted cubic
structure. They differ in how disorder is incorporated in the structure. Fine XRD analyses and
stacking fault density assessment by TEM revealed the one-dimensionally-disordered (ODD)
polytype in the <111> textured coatings. The frequency and spatial distribution of stacking
faults vary and sometimes locally generate periodic alpha sequences. A specific type of disorder
was also identified where {111} planes are arranged parallel to the growth direction within the
columns. These disorders, more energetic than stacking faults, induce multiple and particularly
large Raman modes. Crystal distortions, such as dislocations, are localized at the ODD domain
boundaries, which are frequently interrupted as they extend during the growth.



1 Introduction
Silicon carbide (SiC) coatings prepared by chemical vapor deposition (CVD) are among the
best high temperature structural materials [1]. For instance, with precise control of their
microstructure [2], CVD SiC monofilaments can achieve extremely high fracture strength and
creep resistance [3-5]. At higher scale, SiC/SiC composites combine strength, stiffness,
toughness and oxidation/corrosion resistance, making them ideal for thermo-structural
applications (e.g. in future jet engines, nuclear fuel cladding...) [6]. The damage of SiC/SiC
composites in operation is strongly dependent on the nature of the matrix; the reference in this
field is the CV1 SiC matrix, chemical vapor infiltration (CV1) being a variant of C\VVD for porous
substrates [7]. The CVI SiC matrix is synthesized under specific conditions with respect to
CVD, which are favorable to 3D fabric infiltration. Conditions of low heterogeneous reaction
rates (rather at low temperature), favoring gas diffusion (at low pressure), and allowing the
deposition of pure, dense and defect-free SiC are usually required. [8,9]. The microstructure of
CVD and CVI SiC coatings has been studied in details since the first processing experiments
[10]. During the deposition of a CVI SiC coating, at relatively low pressure and temperature,
the growth rate is generally limited by heterogeneous reactions and the gas phase supersaturated
[8,11]. These conditions are very different from those used for crystal growth (for example by
epitaxy). They favor nucleation leading to a characteristic fine grain microstructure and a
structure mostly of the  phase (i.e. zinc-blende, 3C in Ramsdel notation). The SiC-coatings
obtained by CVI are characterized by a columnar morphology with a preferred orientation of
SiC crystallites with respect to the growth direction (often <111>) and a cubic structure
containing many stacking faults [12,13]. Because of such a marked texture and imperfect
structure, it is difficult to evaluate quantitative parameters to compare or classify CVD SiC
deposits.
The techniques that are most often used to analyze the structure and texture of CVD SiC
coatings are X-ray diffraction (XRD), Raman micro-spectroscopy (RMS) and transmission
electron microscopy (TEM). XRD analysis can be carried out directly from coatings as-
deposited on flat substrates. The structural analysis is then macroscopic and it can be completed
by a texture analysis [14-16]. XRD is powerful for highly crystalline B-SiC coatings [14,17,18]
but not very sensitive to disordered matter, especially in heterogeneous materials. This
complicates the detection of possible excess phases (co-deposited free silicon or free carbon,
when present, are often highly disordered), but also the analysis of structural defects in SiC,
from the most energetic (e.g. point defects) to stacking faults. Raman spectroscopy is also
helpful in identifying polytypes [19,20]. The analysis has also the advantage of being performed
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at a microscopic scale. It is sensitive to the crystal orientation, in particular through polarization
analyses [21]. It is also complementary to XRD, as very sensitive to free silicon and sp? carbon,
even in a nearly amorphous form [22,23]. If phase analysis is straightforward for perfect SiC
crystals, broad — but intense — bands are often observed on the Raman spectra of nanoscale or
highly disordered SiC, whose analysis is complex and interpretation still subject to debate. [23-
27]. TEM has two significant advantages over the other two techniques: its high spatial
resolution and the direct imaging of the material, almost down to the atomic scale. At high
resolution, it is the most accurate technique, via lattice fringe analysis, for investigating
polytypes and stacking faults [12,28,29]. On the other hand, TEM is blind to the most
disordered phases. This is the reason why these techniques are often combined for a better
understanding [2,18,27,30-32], or even supplemented by more unusual ones [33,34].

However, the combination of XRD, RMS and TEM in a single study is rare. It is also
uncommon to analyze, in the same study, a series of CVD SiC samples prepared under well-
controlled conditions, and resulting in intentionally very different structures, textures and
microstructures. Finally, it is even more unusual to correlate these characteristics with the
synthesis conditions and the physicochemical processes involved during the growth.

In this study, five SiC deposits with various microstructures were prepared by CVD from two
different gas precursors. For both precursors, one of the deposits was elaborated under
conditions (temperature, pressure, initial gas composition, residence time) allowing to obtain a
“regular” CVD SiC microstructure [12,13], i.e. with faulted B-SiC columns, <111> textured,
and without secondary phase. In a second step, the CVD parameters were modified to obtain
“atypical” microstructures. The analyses using each technique have allowed us to characterize
the two regular deposits in details and identify the structural and microstructural modifications
in the atypical coatings resulting from the alterations of the initial CVD parameters. The results
of three techniques have been combined in order to make a consistent interpretation, and

identify the most relevant contributions for each of them.

2 Experimental

2.1 Synthesis of the coatings

The two gas systems used to deposit the coatings are two alternative SiC precursors to the
conventional methyltrichlorosilane/dihydrogen (CHsSiCls/H2) mixture [7-11,13,14,16,
17,32,35]: (i) trichlorosilane/propane/dinydrogen  (HSICls/CsHs/H2) [36] and (i)
methylsilane/argon (CHsSiHs/Ar) [37]. Trichlorosilane (> 99 %, from Sigma Aldrich) was
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evaporated from the liquid phase and mixed with H, and CsHg (respectively >99.9999 % and >
99.5 %, both from Air Liquide). Methylsilane (> 96 %, from Air Liquide) was supplied directly
form a pressurized cylinder and mixed with Ar (> 99.9999 %, from Air Liquide). The
configuration of the vertical hot-wall reactor used for both systems is described in details
elsewhere [38]. The two regular CVD conditions (one for each system) were first selected to
obtain a microstructure close to that required for the CVI SiC matrix. These “regular” deposits
are respectively referred to as CR (HSICls/CsHg/H2) and MR (CHsSiHs/Ar). Three other
coatings were prepared from the same two precursor mixtures but in different CVD conditions
(i.e. with different initial precursor mixture, temperature or pressure), leading to well distinct
microstructures. These alternate coatings are referred to as CD1, CD2 and MD. The
corresponding processing parameters, i.e. the initial composition of the precursor mixture,
temperature (T), pressure (P), duration (d) and residence time () are specified in Table 1 (see

supplementary material: SupMat 1).

Precursor mixture Molarratio T (°C) P (kPa) #(s) d(min) t(um)

CR  HSICls/C3Hg/H: 1/1/10 1070 2 0.15 75 25
MR CHsSiHs/Ar 1/50 900 0.5 0.020 120 35
CD1  HSIiCls/CsHs/H: 1/1.5/20 1070 2 0.16 90 25
CD2  HSIiCls/CsHs/H: 1/1.5/10 900 2 0.16 150 45
MD CHsSiHs/Ar 1/50 850 0.5 0.021 120 12

Table 1: Processing parameters (z is the residence time of the gases in the hot zone), duration
of deposition (d) and thickness (t) of the CVD SiC coatings

The coatings were all deposited on flat and polished purified graphite substrates (2318PT from
Mersen, 1.86 gcm™3, grain size: <5 um, open porosity: 7%). The thickness of the coatings ranges

from 12 to 45 um (Table 1).

2.2 Characterization of the coatings

The coatings were characterized as-deposited on flat graphite substrate by X-ray diffraction
(XRD, 6/6 diffractometer Bruker D8 Advance) in the Bragg-Brentano configuration. The
incident X-ray beam was obtained from a copper anode (Acukai/Acukq2 = 0.15405 / 0.15443 nm).
In order to keep the analyzed volume of SiC constant, an automatic/variable slit was used

behind the X ray tube. The XRD patterns were acquired on a 26 range of 10-90°. The



instrumental broadening in this configuration was 0.061°. The volume probed by XRD is
significantly larger than in the case of the other two techniques. For B-SiC (density 3.2 g.cm™),
at 6= 17.8° (on the (111) diffraction peak), 99 % of the X-ray detected come from the first 48
pum from the surface. As all the deposit thicknesses measured by SEM are 45 pm or less, the
entire thickness of the CVD SiC layers is probed by XRD.

The Raman analyses were performed with a Labram HR (Jobin Yvon) micro-spectrometer (4
=632.8 nm, spectral resolution ~2 cm™, lateral resolution ~1 um). Besides phase identification,
the influence of polarization was examined for texture analysis of the CVD SiC coatings. The
incident laser light, propagating along the X axis of the laboratory, was in all cases plane
polarized along the Y axis, oriented vertically with respect to cross-section being analyzed. The
different coatings were analyzed from carefully polished (down to the 1 um grade) cross-
sections parallel to the growth direction (perpendicular to their free surface). The growth
direction, which is thus perpendicular to the light propagation direction, was oriented either
parallel to the Y axis (as denoted by Y in bold) or parallel to the Z axis (Z). For the two different
orientations, the specimen was simply rotated of an angle =/2 around the X axis of the laser,

taking care to analyze exactly the same area (Table 2).

. . . Light polarization Analysis
Coating orientation Incident Scattered configuration
Y Y Y YYY
Y vX I I
ég—.z Y ! 7 > YYZ
Y
] X Y | % | YZY
A Y I Z “«— YZZ

Table 2: Configuration of the coatings and light polarization during the polarized Raman

analyses

The back-scattered light was analyzed with or without a rotating polarizer (analyzer). Two
scattering arrangements were used in the former case: (i) the polarization of scattered light was
set either parallel to the Y axis or along the Z axis. These different polarization/specimen
orientation arrangements are denoted for instance by <YYZ>, where the three terms in brackets

correspond successively to the incident light polarization direction (Y), the growth direction of

5



the coating (Y or Z in bold) and the scattered light polarization direction (Y or Z) when the
analyzer was installed (Table 2). The experiment is represented by <YY(Y+Z)> when the
analyzer was not used (the whole scattered light entered the spectrometer). This procedure was
validated by checking the selection rules, in the different configurations, of a 6H single crystal
analyzed from a cross-section parallel to the ¢ axis (the light propagation direction being
perpendicular to the ¢ axis). The c axis was oriented either along the Y axis or along the Z axis,
as referred to as Y and Z respectively.

The samples for transmission electron microscopy (TEM) observations were first prepared by
cutting the coatings into cross sections and thinning the slices to 120 um by mechanical
polishing with a 15 um grade diamond plate. An ion slicer device (JEOL EM-091001S) was
then used for Ar* ion milling, with an incident energy of 5.5 kV and incident angle of 0.5° until
2 hours, and 2.5° until perforation of the specimen. The thin slices were then decontaminated
at 2 kV for 10 minutes. The observations were all performed in the upper part of the coating
(see supplementary material: SupMat 2). Low magnification observations allow to confirm that
the microstructures analyzed at the top of coating are representative of the bulk material and
can therefore be compared with those deduced from Raman and XRD analyses.

TEM analyses were carried out with a Philips CM30ST microscope (LaBe cathode, operated at
300 kV), with resolution of 0.2 nm. Conventional bright field (BF) and dark field (DF) images,
as well as selected area diffraction (SAD) patterns (with a selected area diaphragm of 400 nm)
were acquired from the samples. The SAD patterns were indexed with the support of Carine
3.1. software. The DF images, obtained from the 111 diffraction spot of 3-SiC, were used to
determine the column width (CW) from about ten measurements. CW is expressed as a range
of values (minimum and maximum) in hanometers.

High-resolution TEM (HRTEM) images were obtained from the thinner parts of the thin slices
with a 30 um diameter objective diaphragm. The HRTEM images were used to calculate the
stacking faults density (SFD). The number of contrast lines was determined by counting peaks
of the intensity profiles along on a length of the crystal of 20 to 30 nm (see section 3.3) [39].
The SFD parameter is the average value of three measurements in different parts of the coating;
it is expressed as a number of stacking faults (SFs) per nanometer (in nm™, the distance between
two SFs being a multiple of 0.252 nm or approximately). The filtered details of the HRTEM

images were obtained by superimposing the experimental image and the inverse fast Fourier



transform (IFFT), on which a mask filtering was previously applied to select the 111
frequencies.
All the images and patterns are formatted with the Digital Micrograph 2.31 Gatan Microscopy

Suite software after scanning the negative films.

3 Results and discussion
3.1 X ray diffraction

The XRD patterns of the different coatings, with normalized intensity of the strongest peak, are
compared in the supplementary material (SupMat 3). Except for the weak component at the left
bottom of the (111) peak (26 = 33-35°) related to the SF features (to be discussed below), all
the 260 positions of the SiC peaks correspond to the  phase. Several approaches have been
explored to get further information on the crystallite size and the nature of the structural defects
from the XRD patterns [40-44]. The main difficulties encountered in these analyses are due to
peaks overlap related to different polytypes and SFs. XRD analysis of flat coatings is useful for
texture analysis [14,16-18,45-47] but textured materials introduce an additional difficulty in
analyzing the structure in detail. For all these reasons a Rietveld refinement (e.g. as in [44]) was
not attempted. As Gosset et al. did for nanocrystalline SiC fibers [43], each peak was analyzed
independently. Each SiC diffraction peak was refined by a pseudo-Voigt function and a linear
background. For the refinement of the (111) peak, one or two asymmetric functions (skewed
Gaussian model) were added in order to refine the weak SF peaks to the left of the main (111)
peak. To properly analyze the SiC (220) peak, an asymmetric function was also added to adjust
the (113) peak due to the graphite substrate (respectively at 26 =60.14° and 59.90°). The shape
parameters of this asymmetric function were fixed from a diffraction pattern recorded from an
uncoated graphite sample. Based on these XRD pattern refinements, the intensity and half-
maximum width (FWHM) of each SiC peak can be extracted. From these data, a first parameter
characterizing the texture was examined: the Harris coefficient [48]. It was chosen for
simplicity, although it should not be considered as a true texture degree in case of highly
textured materials [49]. It is given by equation 1:

T = (Unkt/Io nkt)
hkl — lZN Ihkl
NET=1 14 bt

1)



where Inq is the pseudo-Voigt intensity for the <hkl> orientation and lo n is the intensity for a
randomly oriented powder. Hence, a Tha value greater than 1 is indicative of a <hkI> texture,
and the higher this value, the stronger the <hkl> texture. The lattice planes considered for this
calculation were (111), (200), (220), and (311). The texturing of the 3-SiC phase in the various
deposits can be directly appreciated from the Th ratios presented in Table 3. The <111> texture
is very strong for CR (T111 = 3.78), slightly weaker for CD1 (T111 = 3.50) and much less marked
for MR (T111 = 1.74) where the <220> and <311> directions are also well represented. On the
other hand, CD2 is heavily textured along the <220> direction (T220 = 2.96). The MD coating
is the least textured of all deposits, the T111, T220 and Tz ratios being all relatively balanced

(Table 3). The <200> direction is poorly represented compared to the other three.

26111 (°) 265 (°)
/ FWI(_!;VI T Tawo Tazo Tan /
d111 (nm) dsk (nm)
35.60 > 345
CR / 0.15 3.8 0.0 0.0 0.2 /
0.252 <0.260
35.60 > 33.7
MR / 0.12 1.7 0.2 0.9 1.2 /
0.252 < 0.266
35.65 > 34.6
CD1 / 0.22 3.5 0.0 0.0 0.5 /
0.252 <0.259
35.55 > 33.6
CD2 / 0.23 03 01 30 07 /
0.252 < 0.266
35.65 > 33.7
MD / 0.81 1.3 0.1 1.2 15 /
0.252 <0.266

Table 3 : Position and full width at half maximum of the (111) peak, Harris texture

coefficients, position of the SF peak and SF/(111) peak ratio

The structural organization, on the other hand, can be assessed by the shape of the diffraction
peaks of the 3 phase and the occurrence of other features. The peak positions were not precisely
examined because of some uncertainties related to the height and flatness of the deposits.
However, the (111) peak was consistently found at 35.6+0.05° (0.252+0.0003 nm) for all
specimens, as expected for 3-SiC (Table 3). The peak widths (FWHM111) was the first structural



parameter that was examined (only FWHMua: is presented in Table 3, the other peaks being
often too weak to be analyzed). The peak widths are low for both MR and CR (0.12 and 0.15°),
slightly higher for CD1 and CD2 (0.22 and 0.23°), and much higher for MD (0.81°). Several
effects may contribute to diffraction peak broadening in addition to that of the instrument: the
size of the coherent diffracting domains (Scherrer equation), microstrains (local lattice
deformations due to dislocations or other structural defects) [43,44,50], and SFs [41,42]. In
contrast to Gosset et al., a Williamson and Hall analysis was not applied to the present CVD
SiC coatings. As we will see in the following TEM analysis, the assumption of coherent
diffracting domains (CDDs) of constant size is clearly invalid and the structural defects are too
abundant and diverse in nature for the parameters deduced from this approach to be really
significant. Furthermore, the effect of SFs in peak broadening is not taken into account in the

latter model although it can be important compared to that of the CDD size effect [42].

The stacking fault features were therefore examined in more details. The 26= 30-40° region of
the XRD diagrams showing the SFs peaks at the left bottom of the (111) peak is presented in
Fig. 1. First of all, a fine and very weak peak is visible at 32.1° (0.279 nm) for CR, CD1 and
MR. Although this peak does not correspond to any known polytype, disordered SiC form, or
secondary phases, it was found to be characteristic of relatively well-crystallized and <111>-
textured CVD SiC deposits. No assignment could be given at this time. More expectedly, a
shoulder is visible to the left of the (111) peak for all deposits, which reflects the presence of at
least one asymmetric component. This asymmetrical feature is sharp on its left side but widens
on its right side, at the bottom of the (111) peak, forming a continuous background of complex
shape. A similar feature was observed experimentally from SiC powder [33] or large and highly
oriented columns (several micrometers wide) in CVD films deposited at high temperature [47].
A similar peak, though significantly broader, was also evidenced in SiC fibers obtained by
pyrolysis of preceramic precursor [43]. This shoulder is very weak for CR, CD1 and MR, and
much more intense for the low temperature CVD SiC coatings (MD and CD2), consistent with
the work of Klein et al. [30] (Fig. 1). The position of this asymmetric peak also varies
significantly depending on the deposit: it ranges 26r = 34.5-34.6° (dsr = 0.259-0.260 nm) for
CR and CD1 and 26sF = 33.6-33.7° (dse = 0.266 nm) for MR, MD and CD2 (Fig. 1, Table 3).
Using an axial next-nearest neighbor Ising (ANNNI) model [51], Pujar and Cawley simulated
the XRD data resulting from a 1D stacking algorithm generating switches between fault-free
domains (FFD) and faulted domains (or Ising domains, ID) [41,42]. The three simulation

variables of the model are the frequency of switching from the FFD to the ID, the volume



fraction of layers within the ID, and the density of stacking faults within the ID (which is
controlled by temperature, supersaturation, impurities and stresses) [41]. These authors have
shown that the background intensity and profile around the (111) peak are respectively
determined by the average width of the ID and the spatial distribution of stacking faults within
the ID [41]. Applied to SiC CVD coatings, Pujar and Cawley's analysis tends to show that CR,
CD1 and MR contain large width FFDs, because of the low background in the (111) peak
region, as opposed to CD2 and MD. On the other hand, the MR coating differs from the other
two deposits by its high density of intrinsic SFs (one-layer microtwins), as suggested by the
high dsr value (Table 3) [40]. The CD2 and MD coatings are characterized by large IDs with a
high density of defects, consisting of rather extrinsic SFs (two-layer) or larger microtwins in
the MD coating, as suggested by the strong (111) peak backgrounds, and rather intrinsic in
CD2, as shown by the presence of a sharp 0.266 nm peak [41].

3.2 Raman micro-spectroscopy

Except the E1(LO) mode (which is not observable in the back-scattering geometry) and the
A1(LO) mode (which is in all cases forbidden when the light propagation direction is
perpendicular to the c axis), all the optical phonons characteristic of the 6H-SiC phase are
clearly identified on the Raman spectra recorded for various polarizations and orientations of
the SiC single crystal (see supplementary material: SupMat. 4): Eaiow at 767 cm™, Eznigh and
A1(TO) at 789 cm™, E1(TO) at 798 cm™ [20,52,53]. The peaks are all very sharp (=3 cm™ in
width), typical of a perfect crystalline state. The selection rules are also strictly observed,
validating the sample preparation and the polarization analysis procedure. Indeed, as expected,
the two E> modes are allowed only for the YZY configuration, A1(TO) for both YYY and YZY,
and E1(TO) for both YYZ and YZZ [21,52,53].

The spectra of the various CVD SiC coatings are first compared in the same YY(Y+Z)
configuration to highlight the possible phases present and evaluate the organization state of
silicon carbide (Fig. 2). Except for the CD1 coating, all spectra exhibit only typical silicon
carbide features. The CD1 specimen indeed contains traces of highly disordered free sp? carbon,
as shown by the presence of broad and overlapping D and G bands at 1350 and 1600 cm™
[54,55] (only the low-frequency region of the D band is visible on the spectrum shown in Fig.
2). The SiC Raman features vary significantly for the different coatings, especially in terms of

bandwidth of the optical phonons visible in the range 650-1000 cm™. Relatively sharp and
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intense TO and LO components appear for the CR, MR and CD1 specimens, in the range 730-
820 cm™ and 950-990 cm™?, respectively (Figs. 2,3a-3c). On the other hand, complex acoustic
modes appear below 650 cm™ for all coatings, as well as broad but well distinct components in
the optical phonon region. These bands, at about 700, 765, 795, 830, 885 and 935 cm™ (typically
30-80 cm™ in width, as determined by peak fitting), appear on all the spectra and are particularly
visible for the MD and CD2 samples, which do not show narrow TO and LO peaks (Figs.
3d,3e). The latter sharp optical phonons, which show some similarities with those of  and a-
SiC phases (3C, 2H, 4H, 6H, 15R...), are characteristic of the most crystalline phases in the
coatings. The multiple and overlapping TO components and their large width (typically 8-30
cm™) do not support the existence of pure cubic or hexagonal polytypes. On the other hand,
they cannot be explained by a simple phonon confinement effect in defect-free nanometric
crystallites [23,56-57], but rather by the presence of a high density of random stacking faults.
Romfeld et al. indeed used a bond-polarizability model [20,58] for high SF densities, which
reproduces the width of the main TO phonon as well as the low frequency component at 765
cm (that is also present on the CR, MR and CD1 spectra, see Figs. 3a-3c) [59]. For the most
crystalline coatings, a detailed examination of the TO phonon region reveals three distinct peaks
that appear at frequencies close to those of 6H polytype, although broader (10-12 cm™) and
overlapping. Similar phonons were already observed in the 111-textured sheath of CVD SiC
monofilaments, whose selection rules were similar to that of the 6H crystal [53]. The high
amount of random stacking defects along the 111 axis was indeed found to induce not only new
TO components, but also an axial symmetry of the coherent domains, which leads to TO phonon
selection rules similar to those in the 6H phase, depending to the orientation of the crystal and

the incident/scattered polarization [53].

The polarization analyses have been carried out precisely to highlight a possible preferential
orientation of the crystalline domains in the deposits. The spectra of the various coatings are
shown in Figs. 3a-3e for the four different configurations YYY, YYZ, YZY and YZZ. The
preferential orientation is obvious in the case of the CR and CD1 deposits: the intensity of the
three narrow TO components vary significantly with the polarization/orientation configuration.
Moreover, the three phonons follow more or less strictly, depending on the deposit, the same
selection rules as the Ez, A1(TO) and E1(TO) modes for the 6H-SiC phase (see supplementary
material: SupMat. 4) [52,53,60]. The narrow TO components of the MR spectrum are much
less polarization sensitive than for CR and CD1 but more remarkably, only two components are

visible instead of three. A peak fitting of the TO components was performed for a more accurate
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comparison of the spectra of the three most crystalline coatings (CR, CD1 and MR). All the
spectra evidence two common components at 768+2 and 798+1 cm™, analogous respectively
to the Eziow and E1(TO) peaks of 6H-SiC (respectively at 767 and 797.9 cm™ [19,52]) in terms
of selection rules. A third more intense component is also observed between the two previous
ones, which is located at 786 and 788 cm™ respectively for CR and CD1. This intermediate
peak, equivalent to the A1(TO)/Eznigh modes in 6H-SiC (789 cm™ [19,52], is shifted at 794 cm
! for the MR coating (close to the E1(TO) peak). Furthermore, it does not obey the selection
rules expected for the hexagonal symmetry, contrary to the case of the two other coatings (Fig.
3c). Feldman et al. correlated the ATO = TO1-TO- peak splitting (here E1(TO)-A1(TO)/E2nigh)
with the percentage of “hexagonal” layers (or microtwins) in the polytype stacking sequence
[19,52]. Shatwell et al. applied the same analysis to heavily faulted CVD SiC coatings [2,61],
in which the stacking sequence is random instead of periodic in the polytypes [58]. The ATO
peak splitting values obtained for CR, CD1 and MR, of respectively 12, 10 and 2 (+2) cm™,
correspond to a hexagonal character of about 40, 33 and 7 (£7) %. This results indicates that
the density of random SFs in the 3C structure (i.e. the hexagonal character) is slightly higher
for CR than for CD1, and very limited in MR. The strong cubic character of the latter is also
probably related to the lower sensitivity of the TO peaks to the polarization configuration and
orientation of the coating. Even assuming a preferential orientation of the crystallites in the 111
direction in this deposit, the cubic symmetry induces a much lower anisotropy of the TO peak
intensity than the uniaxial symmetry of the hexagonal polytypes [21], or the faulted B-SiC
structures [53], such as here in CR and CD1. The analysis of the A1(LO) phonon, on the other
hand, does not bring additional information on the structure and texture of the different deposits.
This mode is forbidden for all polarizations and orientations of a 6H-SiC crystal when the light
propagation direction is perpendicular to the ¢ axis. It is also considerably attenuated for faulted
CVD SiC coatings showing a strong preferential orientation of the crystallites along the 111
direction, when the propagation direction is perpendicular to the growth direction [2,53,60-62].
Given the above results on the TO phonons (showing the 111 texturing in the CR and CD1
deposits), the intensity of the A1(LO) mode can thus be related to the degree of disorientation

of the 111 crystallite axis with respect to the growth direction.

The origin of the broad but distinct components, little affected by polarization/orientation, and
visible especially for MD and CD2 (Figs. 3d,3e), is more uncertain. However, it seems
reasonable to assume that they are associated with the highest energy structural defects, which

are present in the most disordered part of the SiC phase, and particularly abundant in MD and
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CD2. Similar features were observed for other disordered SiC-CVD coatings and nanorods [24-
26,63]. Interestingly, the authors evidenced that the appearance of the spectra was significantly
altered by changing the excitation wavelength and, more precisely, that a longer wavelength (4
=633 nm or higher) lead to features that are much broader, more intense between the TO and
LO modes, near the LO region [25,26,63], and even sometimes new around 700 cm™ (i.e.
outside the TO-LO domain) [26], similar to those observed here. This effect cannot be related
to changes in the probed depth (for highly crystalline CVD SiC, it has been experimentally
estimated around 0.75+0.25 um at 4 = 633 nm: see supplementary material: SupMat 5) : an
opposite result would be expected if surface defects were created during sample preparation.
The new broad bands in the LO region and the red shift and broadening of the LO mode are
rather the consequence of a resonance effect induced by Frohlich electron-phonon interaction,
a phenomenon that depends on the band gap energy of the material and the incident light energy
[24-26,63]. In the disordered CVD SiC coatings, these so-called surface or interface modes (IF)
can be assigned to high energy defects, probably concentrated at the grain boundary or between
coherent — defect-free — domains, at smaller scale. These defects induce a break in the
translational symmetry so that all the optical phonons may contribute to the first-order Raman
spectra, with no expected dependence on polarization or orientation, via a Frohlich enhanced
effective density of optical phonon states [25,63].

3.3 Transmission electron microscopy

BF images of the two regular coatings (CR and MR) clearly reveal the columnar microstructure
of the deposits (Fig. 4). They show important variations in contrast, indicating a relative
disorientation of the columns between them and with respect to the growth direction, as well as
numerous imperfections in the crystal structure. In particular, many columns show alternating
lines of contrast, perpendicular to their maximum length (i.e. to the growth direction), as often
reported for columnar CVD or CVI SiC [9,12,13,18,27,28,30,35,64]. These numerous and
parallel striations are interpreted as a high density of planar defects — or SFs — in the crystal
[12,65]. The overall contrast of the columns is more homogeneous in the CR coating suggesting
a better crystalline organization than in the MR coating. The column width ranges from 150 to
400 nm in CR and 50 to 150 nm in MR (Fig. 4). The SAD pattern associated with a given
column of the CR coating (Fig. 5a) indicates that the SiC structure is cubic, with the {111}
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planes perpendicular to the main column axis. The lateral spots are degenerated into straight
lines parallel to the <111> direction indicating that the stacking of the dense Si-C bilayers is
random. This structure is usually described as a “one-dimensionally-disordered” (ODD) SiC
[28]. It can be described like very thin B-SiC lamellae separated by frequent stacking faults.
SFs consist of single twins or pairs of closely spaced twins (e.g. intrinsic or extrinsic faults) that
appear randomly and not periodically, as in o polytypes. For the MR coating, sharp 220, 111
and 002 spots are clearly visible and the degenerated straight lines are less marked on the SAD
pattern than for the CR coating (Fig. 5b). Moreover, unexpected spots, pointed by the symbol
#, are identified in addition to the characteristic spots of the B structure, which could be
attributed to either twinning along {111} planes or an o polytype (a more precise identification
is not possible at this stage). Regarding the diffraction pattern of Fig. 5b, it must be noted that
only one of the columns included in the selected area gives rise to the complete diffraction
pattern: the one that lies exactly on the [-110] zone axis (possibly the most illuminated one, in
the center of the dotted black circle). The other slightly misoriented columns are only related to
the axial 111 spots.

The use of the lattice fringe imaging allows an accurate identification of the ODD polytypes in
the SiC matrix of SiC/SiC composites elaborated by CVI1 [12]. Similarly, no periodicity in the
stacking is detected in the HRTEM images of the CR coating (see the high magnification inset
in Fig. 6a). Yet, the distance between neighboring {111} planes (0.252 nm) is preserved in the
high SF density areas, as already observed by Jepps et al. [29]. The distribution of SFs remains
mostly random in the B-SiC structure of the MR coating (Fig. 6b). On the other hand, a few
sequences of periodic stacking of the Si-C bilayers can be occasionally observed within some
columns, highlighting the presence of nanodomains of a certain a polytype (see contrast lines
in the high magnification inset in Fig. 6b). To complete this analysis, the IFFT of a surface area
of 40 x 40 nm was carried out on the respective HRTEM images of the CR and MR deposits
(see boxed areas and SAD insets in Figs. 6a,6b). The straight and diffuse lines in the CR
diffraction pattern are typical of an ODD polytype. In contrast, for the MR coating, well distinct
diffraction spots appear, which can be attributed to the 6H structure (in Fig. 6b, in the hexagonal
system, the zone axis is 1000 and the 0001 axis is oriented vertically). The presence of such o
nanosequences in the ODD polytype has already been revealed by HRTEM in CVD coatings
[64].

The stacking faults can be directly highlighted via the stacking sequence of bilayers on HRTEM

lattice fringe images [12, 29,39]. But the conditions of resolution and orientation of the crystal
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that are necessary for their observation are only seldom met. Shinozaki et al. showed that the
contrast lines associated with SFs, which are caused by a sudden change of the diffracted wave
phase when crossing the faulted plane, can be observed under less restrictive conditions [65].
The SF density (SFD) was evaluated by counting the contrast lines visible in columnar grains,
either directly, when they are not too numerous [66, 67], or by exploiting the intensity profiles
across the lattice fringe sequences [39]. The same procedure was applied to the current TEM
images to quantify the SFD parameter in the various CVD SiC coatings. The measurement is
considered valid when the distance between two faults is close to a multiple of 0.252 nm. An
average stacking fault of 1.0 nm™ is estimated for CR, i.e. at least one fault every four Si-C
bilayers. This value is particularly high compared to those obtained from epitaxial CVD SiC
(e.g. =~ 0.01 nm™, as reported in [66] and [67]). On the other hand, it is relatively close to the
values expected for periodic polytypes (e.g. 1.3 nm™ for 6H) although CR obviously belongs
to the ODD type. In comparison, in some columns of the MR coating, the SFD is on average
nearly half that in the CR coating (0.6 nm™). Such a low value occasionally allows the
appearance of short periodic microtwin sequences, as identified on the SAD pattern (Figs.
5b,6b).

When the CVD parameters deviate from the reference conditions selected for the CR and MR
coatings, major structural changes occur, which can be identified by TEM. In the CD1 coating,
obtained with higher H2/SiHClIs and CsHg/SiHCIz molar ratios than for CR, the columns visible
from the DF imaging (Fig. 7a) are significantly thinner (from 100 to 150 nm, vs 150-400 nm
for CR). The area selected for diffraction, with a diameter of 400 nm, then comprises several
columns. The associated diffraction pattern (Fig. 7b) exhibits several 111 spots distributed over
acircle of radius 3.97 nm™ (0.252 nm), which indicates that the columns are slightly disoriented
with respect to each other, while keeping a common <111> growth direction. By HRTEM
imaging (Figs. 7c,7d), short and distorted fringes (=0.35 nm wide) can be detected between the
SiC columns, indicating the presence of turbostratic carbon nanodomains. The stacking fault
density in the CD1 coating is 1.1 nm?, i.e. slightly higher than in CR, and the SF arrangement
is random and ODD, in accordance with the striated aspect of the interior of the columns (Fig.
7d)

The microstructure of the CD2 coating, which is deposited at lower temperature and with a
higher C3Hg/SiHCIs ratios than the CR coating, can be seen in two DF images obtained from
two separate columns, the former (Fig. 8a) being more representative of the coating than the
latter (Fig. 8b). The corresponding SAD patterns are surprisingly punctuated (Figs. 8c,8d). The
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columns are much wider than in CD1 (150-400 nm), and similar in size to those in the CR
coating. Diffraction indexing reveals a cubic structure, but not with a <111> growth direction
of the columns, like in the three previous coatings. Indeed, the 111 spot position on the two
diffraction patterns indicates that the {111} planes are oriented parallel to the main axis of the
columns. Indexing of the diffraction pattern shows that the growth direction of the column in
Fig. 8a is <110>, which has already been identified as a possible growth direction in SiC CVD
coatings [18,45,46]. The growth direction of the column in Fig. 8b is less obvious. Based on
the corresponding diffraction pattern (Fig. 8d), the (2,2,-4) diffracting planes, which are
perpendicular to the (1,1,1) planes, are found perpendicular to the column axis (the 2,2,-4 spot
is observed on the SAD pattern, but not shown in Fig. 8d because too far from the central spot).
The growth direction of the column can then be defined as <112>. This orientation has already
been observed in the case of nanowire growth by catalyst-assisted vapor deposition [68] or
CVD epitaxy on silicon substrate [69]. The diffraction pattern (Fig. 8d) also reveals the presence
of a {111} twin inside the column. The additional spots due to the twinned crystal are indexed
“m” on the diffraction pattern. The twin plane splits the column in the height direction, as can
be seen in the DF image (Fig. 8b). It should be noted that twins are considered included inside
the columns for the column width measurements. The elongated 111 “m” spots in the diffraction
pattern (Fig. 8d) suggest the presence of stacking faults within the column, perpendicular to its
axis. The DF image (Fig. 8a,8b) of the interior of the columns is mottled (not striated as in the
CR deposit columns) and not uniformly illuminated. This particular contrast might reveal the

presence of structural defects inside the columns, for both <110> and <112> growth directions.

The microstructure of the MD coating (Fig. 9a), which is prepared at lower temperature than
the regular MR coating, is significantly finer than that of MR. On the SAD pattern (Fig. 9b), a
large number of spots are distributed over the Debye-Scherrer rings of the B structure, at 0.252
nm (111), 0.154 nm (220), and 0.131 nm (311). Such a pattern suggests that a large number of
small crystals, without any marked preferential orientation, are included in the area selected for
diffraction. The DF image (Fig. 9a) of the coating indeed reveals small elongated CDDs (<50
nm), relatively disoriented with respect to the growth axis of the coating. An example of these
domains is shown in the HRTEM image (Fig. 9 c,d), where the 111 layers appear parallel to the
axis of the columns, in a configuration similar to that of the CD2 coating. Thus, it appears that
for both precursors, the decrease of the deposition temperature tends to favor growth along
{111} planes, as opposed to the flat stacking growth of the {111} planes commonly observed

for the other coatings.
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3.4 Synthesis of the different analyses and discussion

The analyses conducted on the low temperature CVD coatings highlight their main common
characteristic: they present a columnar morphology with a preferential orientation, typical of
the growth mode of vapor deposited layers [70] and many structural defects, which are directly
related to the low deposition temperature of the coatings. The objective is now to properly
interpret the results of the different analyses, for the different materials, to correlate them to
obtain an accurate description of the structure and microstructure of the deposits. For better
readability, the main results associated with each coating and technique are gathered in Table
4,

RMS HRTEM XRD
Compesiion “PgEnaIly > SFDaphuse FWHM:s
CR SiC 40% 1.0 No 0.15 38 0
MR SiC 7% 0.6 Yes 0.12 1.7 09
CD1 SiC+Csp? 33% 1.1 No 0.22 35 0
CD2 SiC - - No 0.23 03 3
MD SiC - - No 0.81 13 12

Table 4: Main characteristics of the SiC phase in the coatings

The purity of the SiC deposits (the absence of secondary phase such as free silicon of free
carbon) SiC phase is easily revealed by Raman spectroscopy. All the coatings consist of pure
SiC except CD1, which contains traces of disordered sp? carbon, as evidenced by the presence
of broad D and G bands (Fig. 2). HRTEM analysis shows that this free carbon phase is localized
at the interface between the columns, as a few isolated nanodomains (Fig. 7c). The distorted
002 fringes, separated by about 0.35 nm, are characteristic of pure turbostratic carbon, in
agreement with the RMS analysis.

The texture of coatings, at the macroscopic scale, is easily accessible by XRD from the Harris
coefficient (Table 3). The two specimens with the most pronounced <111> preferential
orientation are CR and CD1. Consistently, in polarized RMS analysis, the spectra of the CR
and CD1 samples are those for which the TO component varies most significantly with the
polarization/orientation configuration (Figs. 3a,3b). The TEM local observations are also in

good agreement with the Harris coefficient values: most of the columns have a <111> growth
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direction (Figs. 5a,7b). The SAD diagram of the CD2 coating (Figures 8c,8d) shows that the
columns appear to be predominantly oriented along the <110> direction, but also occasionally
along the <112> direction. This coating indeed exhibits a T22o coefficient much higher than one
(T220 = 3), the highest of all the coatings (Table 3). XRD analysis was extended beyond 26 =
90° especially for this coating to evaluate the T224 coefficient. The value obtained (T224 = 1.6)
confirmed that the <112> orientation is indeed present although not predominant. In the MD
coating, on the other hand, the orientations along the <111>, <110>, and <311> directions are
relatively balanced (Table 3). By TEM, the SAD pattern confirms the random orientation and
the small size of the CDDs (Fig. 9b). A lattice fringe image (Fig. 9d) revealed an orientation of
the {111} planes parallel to the growth direction, consistent with a <110> or <112> preferential
orientation of the grains. However, general conclusions about the texture of the coatings cannot
be drawn from TEM analysis because of the very small scale considered by this technique

compared to XRD.

The analysis of the disordered SiC phase in the material requires a more thorough combination
of different techniques. The main origin of the disorder revealed by the diffraction techniques
(XRD, TEM) is obviously the repetition of the stacking defects of the Si-C bilayers in the
CDDs, whatever their arrangement within the columns. SFs result from a 1D sequence of X3
microtwins along {111} planes, in a particular direction of a CDD. If these fault are frequently
and randomly distributed in the stacking, a specific ODD polytype is defined, which differs
from the B and any of the a polytypes in that it does not present periodicity in the stacking
direction [28]. TEM analysis is well suited to identify this polytype, from the characteristic
SAD pattern (showing lateral straight lines parallel to the <111> direction, Fig. 5a) or HRTEM
image (with random contrast lines, Fig. 6a) of a single CDD. Based on this criterion, the CR
coating seems to be the most representative of an ODD polytype. The density of stacking faults
(SFD), as measured by HRTEM, is an another important parameter to rule on the existence and
better define an ODD polytype. A remarkable correlation can be found, for the different
deposits, between the SFD value deduced from the TEM contrast lines and the ATO peak
splitting measured from the Raman spectra. Indeed, the SFD / TO values are very close in the
case of CR and CD1, while those of MR are clearly different (Table 4). These results are
consistent because ATO, like the SFD value, reflects the percentage of hexagonal layers in the
polytype stacking sequence, either in periodic [19,52] or ODD [2,61] polytypes. The SFD and
TO values deduced by HRTEM and RMS are both relative to the entire 1D faulted crystalline
domains, i.e. to CDDs. According to Pujar and Cawley, more precise information can be
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inferred from XRD analyses by subdividing CDDs into two distinct fault-free and faulted —
Ising — domains (FFDs and 1Ds) [40-42]. This approach suggests that, in the MR coating, the
CDDs contain rather large FFDs (consistent with the low FWHM111 value), including a high
density of intrinsic SFs, in agreement with the dsr value of 0.266 nm (Fig. 1). Such a high
density of SFs can become periodical and generate small o domains (Figs. 5b,6b), which is not
incompatible with an ODD structure according Shinozaki [28]. In comparison, in the CR
coating, the distribution of SFs would be more homogeneous in the CDDs, leading to a more
interlocking distribution of FDDs and IDs, preventing the occurrence of periodic sequences.
CD1 would be relatively similar to CR in terms of relative ID/FFD size and SF density, but
would contain smaller coherent domains, explaining the higher FWHMa11 value (Table 4). This
description remains consistent with the overall hexagonal character of the three coatings: the
difference in the relative ID/FDD size compensating for that of the SF density in the IDs.

Another type of disorder, more substantial that that inherent to stacking faults, is highlighted
by RMS analysis. It is particularly pronounced in the CD2 and MD coatings (Fig. 2). In MD,
these high energy structural defects seem clearly related to the fine microstructure of the
material. The FWHMz111 is indeed particularly high for this coating (Table 4), reflecting a
particularly small average CDD size (Fig 1). The structural units are indeed much smaller (<
50 nm) than in the other coatings (Fig 9a), so the grain boundaries, which are sites of strong
structural disorders, are particularly abundant. In the CD2 coating, which is also severely
disordered according to RMS, the origin of disorder is more difficult to determine. From TEM
analysis, the microstructure is columnar, with diffracting columns several hundred nanometers
wide. However, numerous crystalline defects are revealed within these domains by TEM-DF
images (Figs. 8a,8b). In these <110> or <112> oriented columns, the {111} planes are parallel
to the column axis (and the growth direction). In such a configuration of the {111} planes in
the coating, Nishiguchi et al. highlighted the presence of many structural defects related to
cancellations or changes in the mean orientation of the stacking faults [69]. Sundaresan et al.
also illustrated how the <112> oriented growth of SiC nanowires can generate frequent
microtwins disrupting the structural ordering [68]. Examples of structural defects identified in
CD2 coating are presented in Fig. 10. By magnifying an area with stacking faults parallel to the
growth direction (Fig. 10b), the SF cancellations are highlighted by the interruption the contrast
lines (or bands), indicated by white arrows [69]. In another area of the coating, with a mottled
contrasting aspect, the inverse fast Fourier transform (IFFT) of a detail of the HRTEM image

(Fig. 10d) was used to reveal the high density of dislocations (marked with a white T-mark).
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Such dislocations have also been revealed by IFFT analysis in disturbed transition areas
between 6H and 3C forms of SiC [39]. Recently, Zimbone et al. have better described
combinations between SFs and dislocations in epitaxial 3C SiC by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), with Si-C dimer displaying
[71]. These authors found that the stacking defects are bordered by two partial dislocations that
limit the wrong sequence plane from the perfect 3C regions and that the "boundaries™ along the
{111} planes are composed of Si-Si bonds. The CD2 defects, which are particularly abundant,
introduce large components on the Raman spectrum and, in addition, alter the diffraction
contrast of TEM-DF images. They do not broaden FWHM 111 as significantly as in MD but seem
to generate a large amount of intrinsic SFs, as shown by the presence of a fine peak at 0.266
nm (Fig. 1). This type of disorder has been identified in <110> and <112> oriented columns (in
CD2), but not in <111> oriented columns (in both CR and MR). The crystal growth mechanism
is of course different whether it occurs along the <110>, <112> or <111> direction. It appears
that many more crystal defects are created in the first two cases, when the stacks of {111}
planes grow laterally, parallel to the coating growth direction — as opposed to the classical
growth by flat stacking, layer by layer, of {111} planes. In other words, “pure ODD” domains
tend to extend across the entire width of the “columnar unit” in the case of <111> preferential
orientation, whereas they are reduced to nanodomains in the columns oriented along the <110>
and <112> directions.

Finally, the nature of the various CVD SiC deposits can be tentatively correlated with their
processing conditions. At relatively high temperature (T > 1000°C), when the deposition rate
tends to be limited by mass transfer [8], the surface diffusion is fast so that reactive species and
adatoms can reach stable growth sites forming a well-crystallized deposit. In these conditions,
using a conventional CHsSiCls/H2 mixture, the B-SiC coating often exhibits a <111> fiber
texture resulting from a growth by successive stacking of Si and C atomic layers, parallel to the
substrate [9,12, 13]. This process is accompanied by stacking faults in the 3C structure, forming
the ODD polytype mentioned above, which involves only low energy defects. The structure
and microstructure of the CR coating is well representative of this type of deposit. From a
chemical point a view, the unimolecular decomposition of CH3SiCl3 leads to SiClz and CHs
radicals, from low temperatures and residence times [72-75]. At higher T and # values, other
species like SiCl, appear in the gas phase, which also contribute to the coating. SiCls, SiCl, and
CHz are chemisorbed on the {111} planes of the growing SiC substrate [74]. Similarly, for the
SiHCI3/C3Hg system, SiCls and SiCl; are produced by decomposition of SiHCl3 [36]. Although
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the hydrocarbons derived from CsHg are more abundant and diverse than from CH3SiCls, CH3
remains one of the main effective carbon precursors (with other C» radicals). CoH> may also
appear, contributing to the deposition of free carbon at particularly high T, %, or CsHg ratios
[36]. The typical columnar microstructure and the ODD polytype structure observed for the CR
coating are probably related to the similar chemistry of both CHsSiCl; and SiHCI3/C3Hg
systems. The CDL1 coating is obtained with the same precursors and temperature, but with a
different gas composition (Table 1). Although the changes in the H2/HSiICls and C3Hs/HSICl3
gas ratios tend to balance out the Si/C ratio in the solid, this deposit contains a slight excess of
carbon, which is probably related to the formation of C>H> in the gas phase [36]. The co-
deposited carbon nanodomains inhibit the crystal growth, resulting in thinner and more
disoriented SiC columns with a slightly higher density of stacking faults. The MR coating is
processed with a radically different precursor (CHsSiHz3). This precursor is significantly less
stable than chloro(carbo)silanes [76-78], allowing SiC deposition at much lower temperature,
pressure and concentration [37,79-82]. In this case, CH3SiH3 is probably directly chemisorbed
on the surface to form SiC [37]. Coatings are usually polycrystalline at 900°C or higher [79,80],
but also at lower temperatures [82], and they can even be sometimes monocrystalline (3C) [83].
This ability to form crystalline SiC from low temperatures can be found for the MR deposit.
Despite the low deposition temperature, this coating is relatively well crystallized: the columns
are slightly less wide than in CR but have a significantly lower density of stacking faults. Such
a decrease in stacking fault density with decreasing temperature was simulated by DFT
calculations [84]. The decrease of the deposition temperature results, for both precursor
systems, in a much less crystalline coating: CD2 and MD (by limiting the formation of reactive
unsaturated hydrocarbons, it also avoids the co-deposition of free carbon). It also causes the
texture to change to <110>. A 2D nucleation model relating preferential orientation,
supersaturation and surface energy was developed by Pangarov [85,86] and refined by Lee [15].
These authors showed that these conditions of higher gas phase supersaturation and slower
surface diffusion can lead to a transition in preferential orientation in the coating, from planes
with the lowest surface energy to those with the highest surface energy. In the case of -SiC,
this phenomenon could explain the texture transition from <111> to <110> at lower
temperature. For the same reasons (high supersaturation, slow diffusion), such a texture
transition is associated with a greater number of interruptions in crystal growth, which cause
more energetic structural defects than stacking faults. These defects are concentrated at the
boundaries of the ODD domains, either at the interface between the small columns of the MD
coating, or within the larger columns of CD2.
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4 Conclusion

This study focuses on little explored materials although of great societal relevance: low
temperature CVD SiC coatings for ceramic matrix composites and thermo-structural
applications. It demonstrates how peculiar — and defective — the structure of these materials is

compared to those of sintered or epitaxial SiC, which have been much more widely studied.

TEM, XRD and RS are three complementary techniques adapted to structural and
microstructural analysis, as they characterize different scales of the material. Each of them is
sensitive to specific characteristics of the material (chemical composition, structural order and
disorder, texture). Their combination allowed a comparative analysis of various CVD coatings
(Table 4) prepared at low temperature, under distinct and well-controlled conditions. The
coatings are polycrystalline, of 3C cubic structure and present a columnar microstructure
associated with a preferential orientation, and a variety of structural disorders. The different
coatings can be differentiated on the basis of the nature and proportion of these structural
defects. When the {111} planes grow perpendicular to the growth direction (according to a
<111> texture), the periodicity in the stacking direction of the Si-C bilayers is almost always
interrupted, generating numerous and randomly distributed stacking faults (with a density of at
least 1 nm™). This gives rise to the well-known one-dimensionally-disordered (ODD) polytype.
This structure/microstructure is typically obtained at relatively high temperature (within a mass
transfer-controlled regime) from CH3SiClz or SiHCIs/CzHg, probably via the same effective
precursors (SiCls, SiCl,, CHs). The frequency and spatial distribution of stacking faults can
vary within coherent domains, and locally generate periodic sequences, identified as o
polytypes. Methylsilane seems to be more suitable to obtain this type of structure. The direct
adsorption of CHsSiH3 on the growing surface could explain its ability to form crystalline SiC

at a relatively low temperature, compared to more conventional chlorinated precursors.

Disorder in the coatings is localized in the random stacking of Si-C bilayers and at the column
boundaries, as higher energy defects, which are more abundant as the columns are smaller.
When the coatings grow with the {111} planes parallel to the growth direction (via a <110> or
<112> texture), a specific type of disorder, also more energetic than stacking faults, is
introduced within the columns themselves. The ODD domains are frequently interrupted and
the boundaries between them, which are now parallel to the growth axis, are the seat of crystal

distortions, involving for example dislocations.
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An accurate and combined exploitation of the TEM and Raman results allows to distinguish
and clearly describe defects among the various structural imperfections of CVD coatings
deposited at low temperature. The contribution of TEM is essential as it has the great advantage
of directly imaging the microstructure. But it can be limited in the case of disordered materials
like those studied here. On the other hand, the disadvantage of Raman spectroscopy is the
difficulty to categorize defects simply from the spectral features. The complementary
contribution of both TEM and Raman analysis is therefore essential. A modeling of the spectra
based on structural atomistic models representative of the TEM observations would be very
attractive, but this approach is particularly complex in the case of resonant phenomena like
those encountered here. This detailed analysis various low temperature CVD SiC coatings
shows that it is possible to adjust the (micro)structure by selecting the precursor molecules and
adjusting the CVD conditions (e.g. the temperature, initial gas composition, supersaturation...).
The effects of these parameters are relatively simple to explain, at least qualitatively. A more
quantitative description of the relationship between the CVD conditions and the
(micro)structure is much more difficult. Firstly, because the homogeneous mechanisms
associated with the chemical systems investigated here are still questionable and secondly,
because the heterogeneous mechanisms must take into account the presence of various and
numerous defects, present on the substrate surface and continuously incorporated in the
growing solid.
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Nomenclature and abbreviations

BF: bright field (TEM images)
CDD: coherent diffracting domain
CD1: one of the three alternate CVD SiC coatings (see Table 1)
CD2: one of the three alternate CVD SiC coatings (see Table 1)
CR: one of the two “regular” CVD SiC coatings (see Table 1)
CVD: chemical vapor deposition
CVI: chemical vapor infiltration
CW: column width
DF: dark field (TEM images)
FFD: fault-free domains
HRTEM: High-resolution TEM
ID: Ising domains (faulted domains)
IFFT: inverse fast Fourier transform
MD: one of the three alternate CVD SiC coatings (see Table 1)
MR: one of the two “regular” CVD SiC coatings (see Table 1)
ODD: one-dimensionally-disordered (SiC)
RMS: Raman micro-spectroscopy
SAD: selected area diffraction
SF: stacking fault
SFD: stacking fault density
TEM: transmission electron microscopy
X: axis of the laboratory and incident laser light propagation direction
XRD: X-ray diffraction
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Y: axis of the laboratory perpendicular to X axis and oriented vertically with respect to the cross-
section of the specimen being analyzed. Also one of the two polarization directions of the
scattered light (along Y axis of the laboratory)

Y: growth direction of the coating (along Y axis of the laboratory)

Y+Z: no polarization of the scattered light

Z: axis of the laboratory perpendicular to X and Y axes, and oriented horizontally with respect
to the cross-section of the specimen being analyzed. Also one of the two polarization
directions of the scattered light (along Z axis of the laboratory)

Z: growth direction of the coating (along Z axis of the laboratory)

ATO: transverse optical Raman peak splitting TO1-TO> [19,52] (here E1(TO)-A1(TO)/E2nign)

¢ X-ray diffraction angle

(jkD: crystallographic planes

{jklI}: family crystallographic plane

<jklI>: family of crystallographic directions

<YYZ>: example of polarization/specimen orientation arrangements during Raman analyses
(here: Y = incident light polarization direction, Y = growth direction of the coating and Z =

scattered light polarization direction)
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Figure captions

Fig. 1: Detail of the XRD diagrams showing the (111) peak and stacking fault features at the
bottom of the (111) peak. The intensity of the (111) peak is normalized for all coatings. Insert:
the normalized intensity is multiplied by 10 for CR, CD1 and MR, and the patterns are vertically
shifted for better viewing of the stacking fault features

Fig. 2: Raman spectra of the various CVD SiC coatings

Fig. 3: Raman spectra of the various CVD SiC coatings in different polarization/orientation
configurations. CR (a), CD1 (b), MR (c), CD2 (d) and MD (e) coatings

Fig. 4. Low magnification BF images of the CR (a) and MR (b) coatings

Fig. 5: DF images and SAD patterns of the CR (a) and MR (b) coatings (the SAD patterns are
indexed along the [-110] zone axis). The dotted black circle determines the position of the
selected area for diffraction, the white box marks the area of the HRTEM image shown in Fig.

6. The spots pointed by the symbol # are attributed either to twinning along {111} planes or an
o polytype.

Fig. 6: HRTEM images (with detail and associated Fourier Transform) for CR (a) and MR (b)
coatings (the SAD patterns are indexed along the [-110] (a) and [1000] (b) zone axes,
respectively). The Fourier Transforms are calculated from the dotted black box areaon HRTEM

images

Fig. 7: TEM micrographs of the CD1 coating. Low magnification DF image (a), SAD pattern
(b), and HRTEM images (c, d). On DF image, the dotted black circle determines the position

of the selected area for diffraction, the white box marks the area of the HRTEM image

Fig. 8: TEM analysis of CD2 coating. DF images (a) and (b), associated SAD patterns (c) and
(d) indexed along respectively the [-1,-1,2] and [-1,1,0] zone axis. On DF image, the dotted

white circle determines the position of the selected area for diffraction

Fig. 9: TEM analysis of the MD coating. DF image (a), SAD pattern (b), and HRTEM images
(c,d). On DF image, the dotted white circle determines the position of the selected area for

diffraction, the white box marks the area of the HRTEM image
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Fig. 10: Structural defects in CD2 coating. BF image of the surface of the coating (),
magnification in the stacking fault area (arrows indicate SF annulations) (b), HRTEM image
of a mottled area (c), IFFTs with the (111) frequencies of a detail (d) (“T” marks indicate
dislocation). On BF image, long dotted black box marks the magnification of SF area, short

dotted black box locates the HR image of the mottled area
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Fig. 1: Detail of the XRD diagrams showing the (111) peak and stacking fault features at the
bottom of the (111) peak. The intensity of the (111) peak is normalized for all coatings. Insert:

the normalized intensity is multiplied by 10 for CR, CD1 and MR, and the patterns are vertically
shifted for better viewing of the stacking fault features
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Fig. 2: Raman spectra of the various CVD SiC coatings
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Fig. 3: Raman spectra of the various CVD SiC coatings in different polarization/orientation

configurations. CR (a), CD1 (b), MR (c), CD2 (d) and MD (e) coatings
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Fig. 5: DF images and SAD patterns of the CR (a) and MR (b) coatings (the SAD patterns are
indexed along the [-110] zone axis). The dotted black circle determines the position of the
selected area for diffraction, the white box marks the area of the HRTEM image shown in Fig.

6. The spots pointed by the symbol # are attributed either to twinning along {111} planes or an
o polytype.
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Fig. 6: HRTEM images (with detail and associated Fourier Transform) for CR (a) and MR (b)
coatings (the SAD patterns are indexed along the [-110] (a) and [1000] (b) zone axes,
respectively). The Fourier Transforms are calculated from the dotted black box area on HRTEM

images

Fig. 7: TEM micrographs of the CD1 coating. Low magnification DF image (a), SAD pattern
(b), and HRTEM images (c, d). On DF image, the dotted black circle determines the position
of the selected area for diffraction, the white box marks the area of the HRTEM image
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Fig. 8: TEM analysis of CD2 coating. DF images (a) and (b), associated SAD patterns (c) and
(d) indexed along respectively the [-1,-1,2] and [-1,1,0] zone axis. On DF image, the dotted

white circle determines the position of the selected area for diffraction
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Fig. 9: TEM analysis of the MD coating. DF image (a), SAD pattern (b), and HRTEM images
(c,d). On DF image, the dotted white circle determines the position of the selected area for
diffraction, the white box marks the area of the HRTEM image
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Fig. 10: Structural defects in CD2 coating. BF image of the surface of the coating (a),
magnification in the stacking fault area (arrows indicate SF annulations) (b), HRTEM image of
a mottled area (c), IFFTs with the (111) frequencies of a detail (d) (“T” marks indicate
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dislocation). On BF image, long dotted black box marks the magnification of SF area, short

dotted black box locates the HR image of the mottled area.
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