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ABSTRACT

The origin of the <110> texture in polycrystalline 3C-SiC grown by chemical vapor
deposition at different temperatures is investigated by thorough EBSD, SEM and XRD
characterizations. Regarding the <110> orientation, although XRD suggests a fiber
texture, closer inspection of isolated clusters of grains by EBSD reveals a high
symmetrical order in-plane. The pole figures associated with these clusters are in good
agreement with cross-twinned pentagonal structures in which each grain shares a
common <110> axis. These structures form via twin-mediated growth involving the
formation of twin plane reentrant edges that act as a preferential site for the incorporation
of adatoms. A deviation from a perfect cross-twinned structure is observed and is
attributed to the presence of additional parallel twins. In this study, the transition to the
<110> orientation occurs when the temperature increases and the partial pressure of
reactive species decreases. This can be explained by the enhancement of surface
mobility that promotes surface diffusion to the twin plane reentrant edges, thus activating
the twin mediated growth mechanism.

l. Introduction

Due to its outstanding strength, hardness, and chemical and thermal shock
resistance, polycrystalline silicon carbide (SiC) can be used for various applications
requiring high temperatures, harsh environments and/or strong mechanical stresses. It
can thus meet the needs of aerospace, nuclear engineering, defense applications, the
chemical industry, and electronic and photonic applications. Chemical vapor deposition
(CVD) can produce pure and dense SiC on different types of substrates. For instance,
deposition on graphite can serve as a protective coating against oxidation or chemical
reactions in semiconductor annealing and doping furnaces. Deposition on silicon can
serve as a structure for fabricating MEMS which are used as resonators and sensors at
high temperatures and in harsh conditions [1,2].

When deposited by CVD, a preferential orientation often forms with mainly <111>
and <110> oriented samples being observed independently of the precursors used
(SiH4+C3Hs; SiCls+CsHs, SiCH3Cls) and the type of reactor (cold wall, hot wall, laser
assisted) [3—12]. The mechanical properties, for example, of polycrystalline SiC films are
affected by this preferential orientation. <111> oriented films exhibit both greater
hardness [13—15] and a higher Young modulus [13,16] than <110> oriented ones. Grain
size also plays a role [13—15]. Consequently, it is important to understand how this



preferential orientation occurs. From a theoretical viewpoint, studying preferential
orientation and microstructure development can highlight the underlying growth
mechanism. The selection of a preferential orientation in polycrystalline samples is
commonly described by the Van der Drift mechanism, according to which orientation
selection results from faster growth along specific crystallographic directions [17]. After
a random nucleation process, the grains having their fastest orientation aligned with the
normal to the surface will grow over the neighboring grains, leading to the formation of a
preferential orientation. While this rule of evolutionary selection is widely accepted and
has been demonstrated for polycrystalline SiC growth through cross-section analysis
[8,11], the origin of the faster growth remains unclear.

Some authors have used surface energy to explain preferential growth on specific
planes. Surface energy is correlated to ledge density due to the presence of additional
dangling bonds at these specific sites. The number of ledges scales with the angle that
the plane considered {hkl} forms with the close-packed plane, {111} in a face-centered
cubic (FCC) lattice. Therefore, the surface energy increases in the order {111}, {100},
{110}, and is in general higher for higher {hkl} indexes [18,19]. It should be noted that
adatoms are preferentially incorporated at ledges due to the higher number of bonds
formed compared to terraces. In 1989, Lee [18,20] proposed a model in which the
selection of a low or a high energy plane depends on the process conditions. Typically,
at low temperature and low species concentration, the lower energy plane will grow
preferentially to minimize the energy of the newly created surface. By combining a higher
temperature, which enhances surface diffusion and a higher species concentration,
which in turn increases the adsorption rate, the growth of higher energy planes is
promoted due to the higher density of ledges. This simple model can roughly explain the
transition from <111> to <110> orientation in polycrystaline 3C-SiC when the
temperature increases, and has been invoked in some studies on texture transition in
the CVD of polycrystalline SiC [6,9].

In 2002, Kajikawa et al. [7] proposed a mechanism based on two regimes:
adsorption limited and surface reaction limited. This mechanism has been extensively
invoked to account for texture transition in the CVD of polycrystalline SiC [9,21,22]. In
their approach, they did not consider ledge density, instead, they used a Langmuir-type
approach where each atom on a plane is an adsorption site for incoming species. In the
surface reaction-limited regime, the incoming species flux is considered as unlimited,
and the rate constant is independent of the planes considered. For the authors, this leads
to faster growth of the most densely packed plane that is {111} in 3C-SiC, i.e. with the
highest Si-C pair density. However, in this approach, the shorter d-spacing for the (111)
planes (2.52 Angstrém) is not accounted whereas this would lead to slower normal
growth compared to higher d-spacing planes, keeping the amount of incoming species
constant. In the adsorption limited regime, the surface reaction rate exceeds that of the
adsorption rate, hence the growth rate is limited by adsorption of new species, hence by
the sticking coefficient of the plane considered. The authors claimed that {110} planes
may have a higher sticking coefficient due to a higher atomic density (2.47x10° mol.cm-
2) and to the fact that these planes exhibit both Si and C atoms which enables the
adsorption of either Si-species or C-species and the co-adsorption of species containing
both Si and C atoms. They also claimed that the reactive species change from
“monomer” to “polymer” when the residence time increases, having different sticking
probabilities and in turn impacting the preferential orientation. However, these two
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assumptions are not in accordance with the species originating from the thermal
decomposition of the precursor, according to thermodynamic and kinetic modeling.
Indeed, in standard chlorinated CVD, the main gas phase species are SiCl,, SiCls, SiCls,
SiClsH, SiCl, Si, SiH, CH4, C2H2, C2H4, CHs, and Si>C over a broad range of temperature
and the main intermediates for growth are supposed to be SiCl, SiH, Si, CHs and CzHa,
independently of the precursor used [23-25]. Then for us, the reasons for a higher
sticking coefficient on the {110} planes remain unclear.

Radmilovic et al [8] attributed the selection of the <111> orientation to the slow
growth rate of the {111}-C terminated planes compared to that of the {111}-Si terminated
planes. This leads to the growth of a crystal with a tetrahedral shape bounded by
triangular slow growing {111}-C terminated planes and with a preferential direction along
the <111> direction. The authors also suggested that the selection of the fastest <111>
direction is assisted by twinning events. Twinning is likely to occur on the {111} planes
due to the low stacking fault energy (1.5 mJ.m?) of 3C-SiC [26]. Starting from a grain
having none of its fastest <111> directions aligned with the substrate’s normal, each
twinning event will lead to a change of the crystallographic direction normal to the
substrate. After a succession of twinning, a <111> direction perpendicular to the
substrate can finally be selected and further twinning will maintain it as it is.

Growth mechanisms based on twinning have also been proposed to account for
the <110> texture in SiC [5,22,27-29]. However, only few authors have used TEM to
analyze twins and micro-twins in SiC [11,28,30], and to our knowledge, no-one has fully
characterized the twinned structure at the grain scale. Therefore, this paper is intended
to fill this gap by describing a study comprising thorough electron back scatter diffraction
(EBSD) analysis. We also discuss on the qualitative level the change of growth
mechanism as a function of the local growth conditions and the resulting change of
preferential orientation.

ll. Experimental procedures

1. Sample fabrication

Samples were fabricated in a lab-scale vertical hot-wall CVD reactor. After sample
loading and prior to deposition, argon was injected until atmospheric pressure was
reached in the reactor and purged down to a pressure of 0.01 mbar. The operation was
repeated three times. Then the reactor was let under vacuum with the pump on for at
least 24 hours before deposition. This allows outgassing of the reactor after exposition
to air during loading and unloading of the samples. The graphite chamber was heated
via induction using a 55 kW generator, at 17 kHz. The heating phase was realized under
hydrogen flow and lasted about an hour before thermal equilibrium was reached, prior to
the injection of the precursor. The precursor was methyltrichlorosilane (MTS) diluted in
H2 using a ratio of 1:10. The inlet flow and pressure were set at 1050 sccm and several
tens of mbar, respectively. The deposition lasted for an hour. After deposition, the power
was gradually reduced during 15 minutes under Hz, allowing the reactor to cool down.
Then H; flow was stopped and the reactor was put under vacuum (<0.01 mbar) and
cooled down naturally down to ambient temperature. The samples were collected the
next day.



The reactor has been designed to have a high temperature variation along the hot
wall (~500°C). The temperature distribution along the wall was calculated from a 2D-
axisymetrical finite volume simulation of our reactor using ANSYS-Fluent software. The
model was calibrated by temperature measurement using both a bichromatic pyrometer
on the graphite surface and a translating thermocouple along the axis of the reactor.
Using both methods, simulated and experimental temperatures were in agreement within
30°C. Deposition was done on a graphite substrate as well as on a flexible graphite sheet
covering the inner wall of the deposition chamber. In this study in particular, samples
were collected all along the flexible graphite to probe different growth conditions, mainly
temperature and gas composition. In the next parts, the samples will then be named after
their position along the hot wall. Along the flexible graphite, circles of 20 mm diameter
were collected to calculate an average growth rate by mass difference supposing the
films were dense and fully covering the substrate. SEM cross-sectional images were also
used to calculate growth rate.

2. Sample characterization

1. XRD

©-26 (10-138°) scans in Bragg-Brentano geometry were performed using a
powder diffractometer PANalytical X’Pert PRO MPD to characterize the preferential
orientation of the samples at large scale (12*8 mm area). Variable divergence slit was
used to keep a constant irradiated area at all angles. The Harris method [31] was used
to characterize the texture of the sample. In this method, texture coefficients Chq are
calculated as per reference from formula (1):

Ckni = (nki/Toprt)/(1/N - Z%) (1)

in which N is the number of peaks and Iw and lonw are respectively the intensity of the
(hkl) Bragg reflection for the sample studied and that of a randomly oriented sample, as
given in file 00-029-1129 from the international center for diffraction data (ICDD)
database. The effect of the variable divergence slit was accounted in the calculation of
the relative intensities. The intensities were calculated from the area of the diffraction
peaks. For the randomly oriented samples the value of all Cra is 1. For a perfectly
oriented sample, the value of Cha is N. In the present case, 9 diffraction peaks were
used, hence the highest possible Chxis 9, which would indicate a perfect preferential
orientation along the corresponding <hkl> direction.

2. SEM & EBSD

Scanning electron microscopy (SEM) and electron back-scatter diffraction
(EBSD) analysis were performed with a Zeiss Gemini S500 FEG equipped with a
Velocity Super CMOS camera from EDAX. The sample preparation included standard
diamond polishing down to 1 ym and a final colloidal silica (0.03 pm) polishing step.
Vibratory polishing was carried out as a finishing step using colloidal silica (0.03 um) for
2 hours. This step eliminates small scratches and surface damage, and leads to higher
imaging quality in both BSE and EBSD modes.

The secondary electron mode was used to observe the morphology of the
samples using an accelerating voltage of 5kV and a beam current of 0.2 nA. The back-
scattered electron mode was used to reveal the crystallographic orientation contrast in
cross-section at an accelerating voltage of 15 kV and a beam current of 3 nA.



EBSD maps were made with a 50 to 200 nm lateral step depending on the size
of the map at an accelerating voltage of 20 kV and using a beam current of 11 nA. EBSD
data treatments were performed with OIM data analysis software (EDAX). The data was
cleaned using a grain dilatation method. Individual grains were defined as a group of 10
pixels with a tolerance angle of 5° between each pixel. Single average orientation was
then computed for each individual grain. Grain boundaries (GB) were defined as a
misorientation angle above 5° for two neighboring grains. Special types of grain
boundary such as coincidence site lattice (CSL) 3, 29 and 227 GB were sought for
according to the Brandon tolerance criteria [32]. £3 CSL are twin boundaries and stem
from a 60° rotation around the <111> direction. The proportion of each GB was
calculated in terms of length fraction, which is the ratio of the specific GB length over the
total length of GBs.

lll. Results and discussion

1. Growth rate along the hot wall
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Figure 1: a) Scheme of the CVD reactor (axisymmetric representation). Samples were collected all along the hot
wall on the flexible graphite b) Simulated temperature along the hot wall. c) Growth rate measured via weighing
(o) and SEM cross sections (a). Process parameters are: total flow rate = 1050 sccm; H,:MTS = 10 ; total pressure
= tens of mbar

Figure 1 shows the growth rate as well as the temperature profile along the hot wall. The
growth rate first increases as temperature increases until 9 cm, where the temperature
still increase but the growth rate starts to drop. This is due to reactant depletion after
deposition on the wall upstream. Then, along the hot wall, each sample undergoes
different growth conditions, in terms of both temperature and species partial pressure.



As microstructure development depends on these conditions, we decided to characterize
the samples at positions 3, 6, 9, 12 and 15 cm along the hot wall.

2. Overview of the microstructure at large scale
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Figure 2: Texture coefficient (TC) chart for samples taken at positions 3, 6, 9 and 12 cm. TC were calculated over
9 {hkl} planes. TC11 corresponds to the sum of (111) and (222) planes. TCyzq corresponds to the sum of (200)
and (400) planes. TCs for a randomly oriented sample are given. If TCpy > TChy, random the corresponding plane is
overrepresented, if TChy < TChiy, random it is underrepresented. A perfectly oriented sample would have a TCpy of
9, all other TC being zero.

Figure 2 shows the texture coefficients for the samples taken at different positions along
the hot wall. Samples taken at 3 and 6 cm exhibit a strong <111> texture with a texture
coefficient of 9. At 9 cm, a transition from <111> to a mix of <110> + <211> is observed.
Other high angle planes are also present with texture coefficient close to unity. At 12 cm
the texture is mainly <110> and <211> although other planes have a texture coefficient
close to unity. Only the {111} and {200} families of planes are truly underrepresented, as
indicated by a Cny of 0.4 for the former and 0 for the latter. Overall, the presence of
multiple planes at 9 and 12 cm suggests a loss of preferential orientation. Plane (422)
has been rarely reported in literature, likely due to the fact that XRD is often conducted
on a narrower angular range, most of the time from 26 = 0° to 80°, neglecting the higher
order planes. We discuss the occurrence of plane (422) in the following sections.

Figure 3: SEM-secondary electron surface morphology observation of samples taken at positions 3, 6,9, 12, 15
cm.



Figure 3 shows the morphology of the deposit at different positions from 3 cm to 15 cm
along the hot wall. For samples taken at 3 and 6 cm, faceted grains are observed with
an irregular hexagonal morphology typical of twinned <111> oriented crystal. This is in
accordance with the strong <111> texture observed by XRD for these two samples. For
the sample taken at 9 cm, faceted grains can be seen with a well-defined hexagonal
shape typical of twinned <111> oriented crystals. These grains are surrounded by a set
of micro-facets. For the samples taken at 12 and 15 cm, large scale observation shows
spherically shaped boules, which are compactly packed at 12 cm and individually
separated at 15 cm. In both cases, pentagonal clusters of grains with many edges and
grooves can be observed at a smaller scale.

Figure 4: SEM-backscattered electron cross-sectional observation of samples taken at position 3, 6, 9, 10.5, 12,
15¢cm

The samples from 3 to 9 cm are dense films, as confirmed by the corresponding cross
sections shown in Figure 4. These cross-sections show long columnar grains with stripes
perpendicular to the growth direction. These stripes are typical of micro-twins or
successions of stacking faults on the {111} planes, as evidenced by high resolution



transmission electron microscopy (HR-TEM) in ref [10,11]. This indicates that the {111}
planes are parallel to the sample surface which is also in accordance with the XRD
results. The sample taken at 10.5 cm shows a “fireworks-like” growth with V-shaped
grains whose length covers the entire layer thickness. The grains also exhibit stripes
perpendicular to their fastest growth direction, indicating a preferential growth along the
<111> direction, but the grains are now tilted compared to the substrate’s normal. This
shows that growth took place in three dimensions, as spheres bonded to a substrate.
However, the growth of multiple spheres next to each other hindered their lateral
propagation as supported by the abrupt junction between groups of grains highlighted in
blue in Figure 4. Overall, this indicates a lower nucleation frequency in favor of a grain
growth regime. This is consistent with the higher temperature (1380°C) and hence the
lower supersaturation [33—-35]. The sample taken at 12 cm exhibits a similar 3D growth
but the grains are now striped along their length. As mentioned before, these stripes are
microtwins and stacking faults on the {111} planes, therefore indicating a change in
preferential orientation of the grains with a fastest growth parallel to the {111} planes.
Note also that the particular fireworks-like microstructure may explain the apparent
decrease of preferential orientation observed by XRD for this sample. Indeed, while the
grains have a preferential growth along a certain direction, a tilt of these grains with
respect to the normal to the substrate surface reveals other crystallographic planes
parallel to the sample surface. The cross-sectional observation of the sample taken at
15 cm shows the growth of large grains in three dimensions with several characteristic
pentagonal structures pointing out of the micrographs. In this case, the growth of
individual boules is observed and they are sufficiently far away from each other to allow
3D growth. Overall, the observed microstructure changes seem to be correlated to a
change in growth regime and preferential orientation. This is mainly due to an increase
of temperature and depletion of reactant along the hot wall of our CVD reactor. In order
to obtain better insight into the underlying growth mechanism, further characterizations
at grain scale are necessary.

3. Microstructure and orientations at grain scale

In order to fully characterize the microstructure at grain scale, EBSD was
performed on samples taken at 12 and 15 cm. Figure 5 shows a low magnification view
of multiple boules from the sample taken at 15 cm. From the inverse pole figure color
code it can be seen that each center of the boules exhibits a <101> direction, equivalent
to a <110> direction while the periphery is oriented towards <211>. Figure 6 shows IPF
maps as well as maps of grain boundaries sorted by type. The pentagonal clusters can
be clearly seen surrounded by high angle grain boundaries in which mainly twin
boundaries are visible. Table 1 shows the statistical distribution of grain boundaries.



Figure 5: a) Surface morphology of the boules grown at a position of 15 cm along the wall, b) a top view EBSD
inverse pole figure map of these boules. The boules were embedded in a resin and polished prior to observations.
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Figure 6: EBSD Inverse pole figure map for the sample taken at 15 cm (a) and at 12 cm (d) and the corresponding
grain boundary maps (b), (e); (c) shows the CSL relationship in a cluster of 4 twinned grains. Orientations are
given along axis A3 in the IPF maps.



Table 1: Statistics on grain boundaries (length fraction, in %) calculated from the corresponding EBSD maps in
Figure 6.

Sample GB (15-65°) 33 59 527
15 cm 18.7 63.7 11.0 6.7
12 cm 24.0 57.6 1.3 7.2

A very high fraction of £3 twin boundaries is observed, up to 60%. A significant fraction
of £9 and %27 CSL GB (~15%) is also observed and can be interpreted as the
interpenetration of twinned grains. This situation is depicted in Figure 6-(c). When two
grains (2 & 3) are in twin relationship with a parent grain (1), the grain boundary they will
form between each other is £3 x ¥£3 = £9 GB. If another grain (4) is in twin relationship
with one of the two primary twinned grains (2), the GB formed with grain (3) will be 29 x
23 = £27 GB. The twinning process in FCC grain growth can be attributed to a growth
accident such as a stacking fault (SF) occurring on a {111} plane and propagating a
twinned grain, for instance ABCA|B|ACBA if we consider a twinned stacking sequence
of 3C-SiC along the <111> direction. Here, plane B located between the two A layers is
the twin plane. SF energy is low in SiC (1.5 mJ.m) [26], however, it cannot explain such
a high fraction of twin boundaries. Therefore, this indicates that twinned grains are
preferentially grown over non-twinned grains.

Figure 7: (a), (b), (c) Higher magnification view of the isolated pentagonal cluster highlighted in Figure 6. (d), (e),
(f) The corresponding <001>, <111> and <110> pole figures. IPF maps and pole figures are given along axis A3.

A higher magnification view of individual 5-fold clusters is given in Figure 7. Pole figures
are calculated from the orientation of each grain inside a single cluster. The <110> pole
figure shows that every grain in the cluster shares a common <110> axis. The pole figure
labeled (e) shows a deviation of the common <110> axis from the sample normal
because the associated cluster is tilted with respect to the normal of the sample. Also
visible are 10 discrete spots on the <001>, <110> and <111> pole figures that seem to
be linked by a 10-fold symmetry axis. This reveals that a cluster is not simply fiber-
textured but instead has a certain in-plane grain orientation. The origin of these
particularities can be found in the growth scenario, which is discussed in the next section.
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4. Discussion on the growth scenario

(a) <111>
Projection along <111> axis
K
Octaedron bounded by {111} faces
Scenario 1 Scenario 2
( ) <110> 1 twinning (d) Cross twinning
Projection along <110> axis 2

{ (f) Mix between the 2 scenarios

ES
<110>

Figure 8: Different growth scenarios assisted by twinning events in a cubic crystal. (a) Side and top view of an
octahedron bounded by {111} planes that is to be twinned along the <111> direction indicated in orange. (b) Side
and top view of a singly twinned crystal derived from the initial octahedron. Red lines indicate twin plane reentrant
edges (TPRE). Black arrows are the family of <211> growth directions. (c) Side view of a multiple parallel twinned
crystal. (d) Side and top view of a cross-twinned crystal derived from the initial octahedron. The inset in the image
shows a layer that nucleated at TPRE and that is growing laterally on the two twinned {111} planes. Further
nucleation at TPRE leads to an outer growth. A 7.35° gap arises as a geometric consequence of the 4 successive
cross-twins. (e) Side view of a cross-twinned crystal growing with different scenarios for each face. (f) Mix
between the two scenarios: cross twinning with additional parallel twinning.

EBSD characterization revealed a very high fraction of twin boundaries inside the
pentagonal clusters. All the grains in these clusters share a common [110] axis and are
also oriented in the plane of the film, with what seems to be a 10-fold symmetry axis. In
order to interpret this behavior, a scheme of the two elementary scenarios that can occur
during the early-stage of growth and then promote further growth is represented in Figure
8. These scenarios are based on the Wagner-Hamilton-Seidensticker (WHS)
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mechanism, often referred to as the twin plane re-entrant edge (TRPE) mechanism
according to which, in a cubic system, atomic adsorption and nucleation occur
preferentially on the reentrant grooves between two {111} planes formed by twinning.
This favorable adsorption can be explained at the atomic scale by the fact that an adatom
can find 4 nearest neighbors in the groove instead of 3 on a {111} plane, allowing the
formation of more bonds which in turn lowers the nucleation barrier. The angle at the
reentrant groove between 2 {111} planes is 141° and the direction pointing outwards
from the groove is <211> [36]. Hence, after one twinning, three preferential <211>
directions are formed, 120° apart. These directions are represented as black arrows in
Figure 8-(b). After further growth, the groove becomes a ridge and at least one second
twinning is necessary for this structure to achieve steady-state growth. Additional parallel
twinning can occur and lead to multiple <211> preferential growth directions, as
represented in Figure 8-(c). Note that in the case of parallel twinning, the <211>
preferential growth directions are always contained in the twin plane, leading to
preferential growth in two dimensions (scenario 1). The reader can refer to the original
work for further details [37].

In 1996, Van de Waal [38] extended the WHS model and proposed a “cross
twinning model” where a succession of twinning occur on planes non parallel to the first
twin plane (scenario 2). If four non-parallel twin planes are formed, a star shaped
morphology with a 7.35° gap will be observed with every twinned grain sharing a
common [110] pseudo-five-fold axis. The situation is depicted in Figure 8-(d). As a result
of the 7.35° gap, these structures must either contain defects in between the gap or be
intrinsically strained. The four twin plane reentrant corners grow outwardly due to the
preferential adsorption at this specific position, playing the role of a sink for surface
species. The edges of the so initiated layer in between the protrusion arms are also a
preferential site for incorporation and leads to 2D growth along the {111} planes as
represented in the inset in Figure 8-(d). This lateral growth results in the upward growth
of a tip at the center of the particle. The morphology of the 5-fold particle will depend on
the relative nucleation rate (NR) at the reentrant groove and the lateral growth (LG) of
the initiated layer. If NR > LG, many layers will emerge from the reentrant edge and even
resemble to a tip at the macroscale. If NR =~ LG or NR < LG, the reentrant corners will
remain large at the macroscale with wide {111} terraces. These two situations are
depicted in Figure 8-(e). Unlike the parallel twinned structure, the growth of the cross-
twinned structure is 3D, with four <211> directions growing outwardly, and one <110>
direction growing upwardly. Then, if we go back to the Van der Drift selection rule, a
particle that has its <110> direction normal to the substrate surface will outgrow the
neighboring grains, which will result in a strong <110> orientation, as depicted by the
pole figures. Moreover, a tilt of the <110> direction with respect to the substrate’s normal
will lead to a tilted growth accompanied by grain size enlargement owing to the fast lateral
growth along the <211> directions. This is in good accordance with the cross-sectional
observations. Additionally, as the cluster of grains exhibit four <211> directions of
preferential growth, a 30° tilt with respect to the substrate’s normal will, statistically, lead
to the occurrence of {211} planes parallel to the surface, which is in accordance with the
XRD analysis and the SEM observations.
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Figure 9: (a) Expected <111> pole figure for the cross-twinned pentagonal cluster. For the sake of clarity, the pole
figure is represented on a 40° range. Blue lines stand for <111> directions. Red lines correspond to twin
boundaries or equivalently TPRE. The two five-fold axes are represented in dashed red and black lines on the
pole figure. (b) An experimental <111> pole figure of a pentagonal cluster, to be compared with the theoretical
pole figure of a pentagonal cluster, as presented in (a).

Considering the geometry in Figure 8-(e), the theoretical projection on a pole
figure is given in Figure 9-(a). A pseudo 5-fold symmetry axis would stand for each pair
of <111> directions normal to the {111} plane separated by a twin boundary, namely for
planes 2-3; 4-5 ; 6-7 ; 8-9 and 10-1. Each of these <111> directions would be separated
by 180-141 = 39° on the stereographic representation. Another pseudo 5-fold symmetry
axis would appear for each {111} plane that belongs to the same grain and that forms
the branch of the star-like particle, namely planes 1-2; 3-4; 5-6; 7-8; 9-10. Geometrically,
these planes are separated by 360-70.5 = 289.5°, therefore their normal are separated
by 289.5-180 = 109.5°. Note that due to stereographical projection on both hemispheres,
the intersection of the [111] direction from the corresponding plane labeled (1) in Figure
9 will intersect the northern hemisphere at position 1 and the southern hemisphere at
position 1-b.The same applies to each [111] direction and leads to the appearance of a
pseudo 10-fold symmetry axis for each pair of twinned {111} planes. By virtue of the
symmetry of the cubic system, this pseudo ten-fold axis also applies to directions [001]
and [110]. Finally, directions [111], [110] and [100] will appear 20 times on a pole figure.
The experimental EBSD pole figure in Figure 9-(b) shows 10 spots, as large as 40°,
separated by a pseudo-10-fold axis. The large spots are likely the unresolved pairs of
{111} planes facing each other as well as their counterparts on the opposite hemisphere.
This is supported by the relative intensities of the spots that are linked by a center of
symmetry.

Therefore, the pole figures confirm the existence of multiple cross-twinned
structure with a fivefold symmetry in <110> + <211> oriented samples. However, from
the growth scenario presented in Figure 8-(e), we could expect a radial spreading of the
grain boundaries from the center of the pentagonal cluster. When looking at these
clusters in the EBSD maps, such behavior is generally not observed and they contain a
much higher number of twinned grains, up to 50, whereas a perfect cross twinned
structure would contain 5. What likely happened is a mix between the two growth
scenarios, as presented in Figure 8-(f): a multiple cross-twinned structure with additional
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twinning parallel to the first set of crossed twin planes. Indeed, when introducing
additional twins parallel to the first set of crossed twins, they are not aligned anymore
along the radius of the particle but they are rather parallel to it. This results in an increase
of the number of twinned grains in the structure. The parallel twinning can also favor the
interpenetration of successively twinned grains, hence the emergence of 29 and 227
GB, as observed in the EBSD maps. Additionally, the very high number of stripes,
attributed to micro-twins, parallel to the growth direction as observed in the SEM cross
sections further supports the hypothesis of parallel twinning. Note that the introduction
of these parallel twin planes does not add any additional spots on the pole figure but can
explain the bad resolution of the {111} pair facing each other due to the much higher
number of twinned grains.

Overall, these observations support a growth mechanism assisted by multiple
cross twinning and additional parallel twinning sequences. The origin of twinning in
crystal growth is still under debate and there are two school of thoughts to address their
formation: either the critical nucleus is originally twinned or it occurs during growth.
Considering the second scenario, the emergence of X3 twins can be due to growth
accidents, i.e. stacking faults on the {111} plane or alternatively as a way to relax growth
stresses, also referred as to deformation twins [39]. For the former, the apparition of
“accidental twinning” is then to be correlated with the stacking fault energy (SFE), i.e. the
lower the SFEs, the easier the formation of twins. In literature, five-fold cross twinned
structure have been observed in a number of materials grown by CVD such as diamond,
Si, GaP, BN and TiN among others [39]. While SFE is low for SiC (1.5 mJ.m? [26]), Si
(30 mJ.m2[40]) or GaP (41 mJ.m?2[41]) it is much higher for diamond (277 mJ.m[26]),
BN (184 mJ.m2[26]) and TiN (1081 mJ.m [26]). Therefore, the growth of multiple cross
twinned structure is not restricted to low SFE materials, suggesting that indeed their
formation can be associated to other processes, either at the nucleation stage or during
growth. Note that chemical impurities [39,42] or process conditions [43] might also play
arole in favoring the emergence of twins, hence the formation of cross twinned structure.
However, the very low SFE for SiC might explain the deviation from the perfect five-fold
structure with additional parallel twinning sequences. More generally, twin mediated
growth requires a low supersaturation regime to prevent 2D nucleation on the {111} faces
and promote adatom migration towards the preferential site of incorporation, i.e. the
TPREs. In CVD, supersaturation increases when the temperature decreases and the
species partial pressure increases [33-35]. In our experiment, the transition from a
<111> to a <110> texture is observed when the temperature is increased above 1380
°C. Additionally, the amount of reactive species must decrease as the gas progresses
along the hot wall due to deposition. This also agrees with the occurrence of the <110>
texture downstream of the gas flow, from 12 cm. To get a better picture of the evolution
of species partial pressure along the deposition zone, CFD simulation including
temperature distribution, flow and kinetics would be of great interest. This will be the topic
of a forthcoming paper.

IV. Conclusion

Using a hot wall CVD reactor with a well-described temperature profile along the
hot wall allowed us to probe the effect of the local growth conditions on the
crystallographic orientations of polycrystalline 3C-SiC deposits in a single experiment.
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Highly oriented <111> films were obtained at low temperature and high precursor partial
pressure. The progressive transition to a mix of <110> and <211> preferential orientation
was observed when the temperature increased, typically up to 1380°C, and the reactive
species concentration decreased due to their consumption along the hot wall. These
orientations were attributed to a twin mediated growth mechanism, supported by
thorough EBSD characterization. The activation of such a mechanism is associated with
the decrease of supersaturation and the increase of temperature, which essentially
lowers the nucleation frequency and enhances the surface mobility of adatoms. This
promotes diffusion of adsorbed species to the twin plane reentrant grooves that act as
preferential sites for incorporation and that favors the growth along the <211> direction.
If cross-twinning occurs, cluster of twinned grain sharing a common <110> axis can be
formed, arranging according to a pseudo five-fold symmetry axis. In most samples, we
observed a deviation from a perfect cross-twinned structure with additional twin planes
parallel to the first set of crossed twins leading to clusters of up to 50 twinned grains, yet
still arranged according to a pseudo fivefold axis. These multiply twinned clusters grow
faster in three dimensions which results in a strong <110> orientation of the film,
according to the Van der Drift selection rule.
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