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The production of silicon carbide boule for electronic device fabrication is bedeviled by defects and requires the
usage of stable, high symmetry, and high-quality substrate, as a seed, for growth morphology dictation. Aside
from this, process parameters such as Si/C ratio, growth temperature, and etching play certain roles in polytype
stability and defect control. In this work, we estimated the Si/C ratio in the physical vapor transport process
(PVT), by first, modeling and investigating several types of 4H-SiC substrates, including ideal (1x1), buckled
(2x1), and (2x1) periodic n-bonded chain structures (both Si-face and C-face), via density functional theory, and
found the C-face of the 4H-SiC substrate as the most stable among others. On this substrate, silicon carbide
growth species get adsorb, stick, and grow, to form large SiC boule (ingot) in the PVT process. In order to have an
idea of the defect concentration in the silicon carbide boule, we calculated the Si/C ratio, by estimating the
sticking coefficient of individual growth contributing species (Si(g), SiCo(g), SiC(g), Si2Cg), SiaCa(g), SiaCag (I1) and
8i4Cyg) (I2)), coupled with their concentrations. The calculated theoretical sticking coefficients for the growth
contributing species at 2186 K are respectively, 0.02882, 0.01226, 0.02113, 0.01271, 0.00807, 0.00335 and
0.00433.

1. Introduction frustrating.
The major reason for defect formation in grown silicon carbide boule
isn’t impurity gasses or particles, but rather, deficiency of carbon, as its

sources are only from the silicon carbide source, crucible wall

Silicon carbide (SiC) is a semiconductor material in high demand in
the foreseeable future, especially in the areas of high power and high-

temperature device applications [1-3]. Conventionally, silicon has
been used for most device fabrication and applications; however, it is
not the best choice/option for all kinds of semiconductor applications.
Therefore, the need to synthesize other semiconductor materials suit-
able for specific or unique applications, such as semiconductor carbide
(SiC) for high power and high-temperature devices and gallium nitride
(GaN) for high frequency (RF) devices is required. Silicon carbide syn-
thesis for single crystal growth is most suitable via vapor phase epitaxy
(physical vapor transport), as SiC does not have a molten state in the
ambient pressure under a reasonable processing temperature. It can be

synthesized through the PVT process in a controlled environment, at a oo

temperature of around 2200 °C [4-6] and ambient pressure of 1
5.0 x 107° torr [7-9]. The presence of defects due to the polymorph of
SiC crystal makes the synthesis of silicon carbide arduous and
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(graphite), and the carbon-containing species’ sublimation temperature
is much higher than that of silicon’s. In silicon carbide 4H-SiC homo-
epitaxial layer growth [10], the origin of surface defects is attributed to
two aspects: (i) the Eopagation of substrate defects, such as inclusion,
scratches, dislocation, and (ii) improper process parameters during
epitaxial growth, such as Si/C ratio, growth temperature, and in-situ
etch. Si/C ratio as reported is an extremely important growth param-
eter, and the best surface morphology is obtained under a fixed range
[10]. When the Si/€ratio-ts—verytow; surfacemorphotogicaldefects
stchras-triangutar-defectscoutd-easily begrown [10] and this promotes
Si-vacancy (V) [11,12]. Conversely, too-high-Si/€ratioresults-in-the
growmrerystatsurfacesuffering fromrthe-formationrof severe fargesteps
fmacro-steps) [10], C-vacancy (V¢) [11,12] and Si droplets [10]. In the
physical vapor transport (PVT) procesg/Xhe source to substrate distance
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Fig. 1. Schematic representation of silicon carbide growth species, showing dominance as molecules approaches the substrate.

plays a certain role in defect concentration and crystal quality (diffusion
time/space). If the source to substrate distance is placed quite far apart,
sublime species from the SiC source will have enough space to diffuse
ideally, and at reduced temperature (in the growth chamber), they cease
to behave ideally by colliding with the graphite crucible wall, and
laterally interact with each other, forming larger silicon carbide mole-
cules (clusters). In contrast, if the source to substrate distance is main-
tained relatively close to each other, in such a way that, the sublime
species only maintain their ideal behavior; thereforg 5hDe amount of sil-
icon gas flux will be high, thereby resulting in a non-stmcﬁiometric ratio
of silicon and carbon (high defect around carbon area, in silicon de-
posits). The former configuration allows species the chance to collide
with the graphite crucible walls and to laterally interact, thereby
forming compounds of carbon. This led to an investigation of the reac-
tion kinetics in Ref. [13], and a pictorial summary of their findings,
showing the configuration of the most dominant species in the SiC PVT
process is presented in Fig. 1. It is important to consider these species,
especially those molecules in which the proportion of silicon and carbon
is not equal, to determine the defect ratio in the system.

In the Physical Vapor Transport (PVT) setup, a substrate or seed is
required, whose size is greater than the critical nuclei radius. This is to
provide a nucleation site for crystal growth. Substrates are usually sliced
from large ingots, in a process known as sewing. Sewing leaves micron-
size roughness, and thus, must be polished in a process referred to as
lapping. Silicon carbide has sp3 hybridizse';%luo%,D implying each silicon
bonded to four carbon atoms or vice versa. This means on the substrate
surface, dangling bonds exist, as the topmost surface atoms have no
capped atoms leaving behind incomplete sp3 hybridization or dangling
atoms. Each dangling atom has an unpaired electron (free electron) and
is covalently paired with three electrons from three neighboring atoms,
making the substrate surface act metallic rather than behaving semi-
conducting. Most often, atmospheric oxygen passivates the surface, by
reacting with the surface atoms to form an oxide layer (SiO2) [14-16].
This oxide layer must be knocked off via a sputtering machine, in order
to provide a passivation-free surface, for growth contributing atom-
s/molecules to deposit, stick, nucleate and grow. However, after the
sputtering process, the substrate surface is mostly damaged, and there-
fore needs to be annealed or baked for two reasons, (i) surface

0oo/mo

reconstruction for enhancement of stability, and (ii) adhesive forces
manipulation in order to improve sticking. The substrate bottom hy-
bridization is also incomplete (sp?) after sewing thus containing
dangling bonds on the surface. Stabilization of the substrate is much
needed, so as to reduce its energy, and this is achieved via either dry
passivation (plasma) or wet-chemical passivation, using Hy(1g), NHs(g),
H3S(g) or H2O) [18,19], in order to make a hydrogen bond with the
bottom side of the substrate surface.

Aside from the PVT configuration, building the right substrate (seed
layer) plays an important role in surface adhesion (sticking) of these
molecules and surface misalignment (defects or dislocation). For sp3-
hybridized substrates, K. C. Pandey [20] first predicted a stable (2 x 1)
n-bonded chain structure for Si (111) surface. Thereafter, a density
functional theory investigation on the reconstruction of the 4H —
SiC(0001)g; surface was reported by Olander J and Larsson K [21], in
which a conclusion of (2x1) periodicity of the 4H — SiC(0001)g; surface
was made after optimization, where they observed each second silicon
atom of the topmost layer was raised above the other ones (first silicon
atoms). However, this was later refuted experimentally via molecular
beam epitaxy (MBE) [22] and was termed a buckled (2x1) surface of the
4H — SiC(0001)g; face, since it is indistinguishable from the ideal (1x1)
model through LEED or RHEED pattern. An in-situ observation of the
4H — SiC(0001)g; surface placed in the MBE system shows 2-fold and
1-fold bright symmetry along (1120) and (1100) azimuth respectively,
when viewed on a reflection high-energy electron diffraction screen
(RHEED), indicating a (2x1) periodic reconstruction. The same conclu-
sion was also deduced in Ref. [23], where cleave surfaces of silicon
carbide 6H — SiC(0001)g; and SiC(0001). were examined using
low-energy electron diffraction (LEED) and core-level photoelectron
spectroscopy (PES). It was deduced that, flat surfaces of 6H —
SiC(0001)g; and SiC(0001),. are obtained in LEED pattern as sharp, and
interpreted as a 3-domain superposition of (2x1) reconstructions based
on spot intensity differences. Since there is a similarity in structure be-
tween 6H-SiC and 4H-SiC (both hexagonal), and the energy difference
is quite small, Tomoaki Kaneko et al. [24] investigated the surface
reconstruction behavior of 4H-SiC surfaces and observed the (2x1)
n-bonded chain structure as the most stable.
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(c)

Fig. 2. (a) The stacking sequence of 4H-SiC polytype, indicating Si (blue ball) and C (ash ball) atoms. The light blue and purple planes indicate the two inequivalent
terminations in 4H-SiC, h-termination, and k-termination respectively. (b) Ideal (1 x 1) 4H — SiC(0001)g; k-like stacking with hydrogen passivation. (c) Same model
as (b), but h-like stacking. (d) Ideal (1 x 1) 4H — SiC(0001),, k-like stacking with hydrogen passivation. (¢) Same figure as (d) for the h-like stacking. (f) Buckled
model of 4H — SiC(0001); with k-like stacking and (2 x 1) top surface periodicity. (g) Same figure as (f) but, for the h-like stacking. (h) 4H — SiC(OOOT)C n-bonded
chain (r-BC) model, with (2 x 1) periodicity and k-like stacking. (i) Same figure as (h) for the h-like stacking. (j) 4H — SiC(0001)g; n-bonded chain (n-BC) model, with
(2 x 1) periodicity and k-like stacking. (k) Same figure as (j) for the h-like stacking.

In this research work, we employed the ab-initio method, to model
the (2 x 1) reconstructed 4H-SiC n-bonded chain structure and other
surfaces in order to investigate their stability. Subsequently, we estimate
the Si/C ratio by calculating the sticking coefficients based on the
adsorption energies and possible adsorption sites. The results could
provide the optimal condition for the PVT process.

2. Theoretical methods

The 4H — SiC(0001) (carbon surface) and 4H — SiC(0001); (silicon
surface) substrate models investigated in this study were built via
VESTA, by first examining the reported theoretical and experimental
atomic behavior of the substrates as explained in the prior section. We,
therefore, mimic this by utilizing VESTA to first build a unit cell of 4H —
SiC. Then the slab models were created by duplicating the original umit
cell via transformation into an arbitrary integer multiple of the original
unit cell. For the case of 4H — SiC(0001); and 4H — SiC(0001)g; slab
models, internal planes of (0001) and '(6001) were selected “as the
exposed surface of the carbon and silicon face respectively, while the b
and a vectorial axis were chosen as (2 x 1) periodicity, representing
[1100] and [1120] directions. Thereafter, the dimensionality of the slab
models is changed by transforming them into supercells of size (2 x 3 x
2) and (3 x 2 x 2) for (2 x 1) periodic models of 4H— SiC(0001); and

4H — SiC(0001), respectively. Whilst for the (1 x 1) ideal models,
supercell size of (3 x 4 x 2) was used for both the Si and C face. The
direction of the a[1100] and b[1120] sides of the substrate are preserved
to mimic the real situation by keeping the periodicity in these directions,
while a vacuum distance of 15 A is included in the c-axis. Due to the
inequivalence of the 4H-SiC planes perpendicular to the surface, the
Jagodzinski [25] h-k notation is used to assign the surface termination
(A-B-C-B for k-site stacking and B-A-B-C for h-site stacking as shown in
Fig. 2(a)). 000000 (GGA)

The slab models are then optimized using first-principles calculations
based on density functional theory [26,27], within the generalized
gradient approximation (GGA) [28] (Perdew-Burke-Ernzerhof). The
commercially available package, Vienna ab initio simulation package
(VASP) was used to obtain the electronic structures of all the models and
their energies. This software solves Kohn and Sham equations by uti-
lizing the prOJDe%t%rD-EuDgan%nted wave (PAW) method [29,30] for the
interactions between ionic cores and valence electrons. This is usually
coupled with periodic boundary conditions, plane-wave basis set, and a
generalized llfllzrladient %pproxirnation (GGA) with parameterization of
Perdew-Bur

e—ﬁ'gz%rqjof (PBE) for the exchange-correlation functional
[31]. For the bulk 4H — SiC, substrate models (adsorbent) and adsorbed
molecules (adsorbate), a converged plane wave cut-off energy of 500 eV
was used [32], which yield optimized bulk lattice constants of a = 3.09
A, b =3.09 A and ¢ = 10.13 A, which are in good agreement with
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Table 1

Spin-polarized and un-polarized optimized structures of 4H— SiC substrates,
featuring (1 x 1) ideal k and h-like stacking and (2 x 1) n-bonded chain (n-BC)
models of k and h-like stacking.

Si-/C Model Energy (eV) Energy (eV)  Rel. Energy Rel. Energy
(Face) Un- Spin- (eV) (eV)
(k/h) polarized Polarized Un- Spin-
polarized Polarized
Si-face 1x1) —1091.6035 - 0.0000 -
(h) Ideal
@2x1 —1095.0299 - —3.4264 -
n- BC
Si-face axD —911.0482 —912.2390 0.0000 —1.1908
&) Ideal
2x1) —916.3942 - —5.3460 -
n- BC
C-face ax1 —1074.8548 - 0.0000 0.000
(h) Ideal (16.7487)
2x1) —1103.4580 - —28.6032 -
n- BC (—8.4281)
C-face 1x1) —896.2162 —898.2545 0.0000 —2.0383
&) Ideal (14.8320) (13.9845)
2xD —922.4569 - —26.2407 -
n- BC (-6.0627)

experimental values [33,34]. In all the substrate and adsorbate models,
the Brillouin zone integration was sampled on a Monkhorst-Pack k-point
grid and I'-centered [35], in order to set the mesh position at the center
of the zone. I'-centered (4 x 6 x 1) mesh points were sampled for
supercell (2 x 3 x 2) for 4H — SiC(0001)g; Si-face(k) and Si-face(h), and
a I'-centered (6 x 4 x 1) sampled for (3 x 2 x 2) supercell for 4H—
SiC(OOOT)C C-face(k) and C-face(h) termination. Whilst for the (3 x 4 x
2) ideal supercell model, a I'-centered (8 x 6 x 1) k-point was sampled. It
should be worth noting that, k-points along a and b axial dimensions are
finite lengths and multiple of the integer values along these axis is a wise
choice, but dimension along c-axis is an artifact of infinite length and 1
k-point sampling is the way to go.

For the optimization, simulations for both spin unpolarized (ideal
and (n-BC) bonded structure) and polarized (ideal) calculations were
performed. Moreover, an initial equilibrium adsorption distance was
determined on the lowest energy n-bonded chain (n-BC) structure (C-
face (h)), where values of 1.936 A, 1.855 10\, 1.850 f\, 1.855 10\, and 2.400
A were obtained for SiC(E), SizCz(g), SiCZ(g), Si4C2(g> (Il) and Si4C2(g) (Iz)
molecules on the surface, respectively. The GGA optimized geometries
were then used in calculating the adsorption energies, using the relation:

1)

Eois = Esysiem — (Eadsorvent + Eadsorbare) 1)

Where E 4, is the adsorption energy, Egy.n is System energy comprising
the adsorbent (slab) and adsorbate (molecule), E gworpen: iS the slab en-
ergy and Eggsorpate 1S the molecular energy. All energy units are in eV.
The sticking coefficient of species (A) (S4), describes the probability
of the gaseous species (A) to be adsorbed and stick on the surface per
strike [36]. This coefficient can be calculated from one out of the
following two methods: (i) Reuter and Scheffler’s mathematical model
of temperature-dependent sticking coefficient [37], and (ii) Molecular
dynamics simulation (MD) of species impingement on the substrate [38,
39]. By assigning an initial species velocity (average molecular velocity)
for surface impingement, atoms/molecules could both get adsorb or
desorb, and a ratio of the number of atoms/molecules adsorbed to the
total number of impingement, defines the sticking coefficient. In our
own investigation, we employed a modified version of Reuter and
Scheffler’s equation Sy = Rygs /(PA [36]. Where Rq; is the adsorption rate

of gaseous species (A) on an atomic site (silicon/carbon) or on a bond
terminated site (this can also be written as A ) — Si(,) <> product, A ) —
C(s) <> product and A ;) — SiC,) <> product, respectively). The adsorption
rate is derived as Rugs = fads €Xp(—AEq /kaT)p, (molecule site~1s71).

Vacuum 205 (2022) 111414

Where ¢,, is the impingement rate of species (A), AEy; refers to the
activation energy of the adsorption process at 0 K, T is the temperature
(K), kg is the Boltzmann constant, and f,4s is the phonon contribution or
surface vibration of atoms which reduces the sticking probability due to
the system’s degree of freedom.

The modified Reuter and Scheffler’s sticking coefficient, S4, result in
the Arrhenius term Sa = fu45 exp( — AEq /kgT). However, in our inves-
tigation of adsorption of SiC species on the reconstructed 4H —
SiC(0001)., n-bonded chain surface, there appears to be no energy bar-
rier during adsorption of the species as this will be explained in the
subsequent section. Since there were no barriers observed (via Nudged
Elastic Band (NEB) calculation) during the adsorption of the molecules,

X
the equation reduces to Sp = fu4s. Where fuas = > fp fa Ps, , is the sur-
i

face vibration of atoms (phonon), and its expansive form is shown as
equation (2). To obtain the numerical solution to this equation, we first
utilized the calculated adsorption energies of individual sites in order to
know the status of adsorption, and also calculate the Boltzmann term of
individual adsorb sites (8p ). Thereafter, for each site, we count the
number of identical sites on the substrate and obtain the probability of
the sites, as the ratio of the number of identical sites to the total number
of substrate sites. Depending on the sticking site (be it atomic or bond),
the fractional area of sticking is also accounted for, and therefore, the
sticking coefficient of an individual site is derived as the product of the
probability of its site, Boltzmann term of the adsorb site and the frac-
tional area of the adsorb atom or bond on that specific site. An overall
sticking coefficient (equation (2)) is derived via summation of all indi-
vidual site sticking coefficients for only favorable adsorption.

Sticking Coefficient, (S,)= Z BrSaPs, + Bpfa, Py, + ... + Pp fa, Ps, )

Where x =i, j,.....,n is the notation for sites fa, = fa,, fa;, ..., fa, is the
fractional area of the adsorb atom/bond on site x (individual fractional
area), fip, = Pp,, Bpys o P, is the Boltzmann probability term depen-
dent on the adsorption energy of site (x) and temperature, and P;, = Py,
Py, ...... ,P;, is the probability of site (x) (individual sites probability).
The fractional area of a site is calculated as, the ratio of the sticking
surface to the total atomic/bond surface area. Boltzmann probability
term on an individual adsorbed site is calculated by taking the ratio of
the Boltzmann factor to the normalization constant (total partition

_Fadse. .
function of the sites, Y e *7). As the term depends on the site’s
X

adsorption energies and temperature, the effect of temperature increase
on the overall sticking coefficient of a molecule is observed to be an
approximate constant, because the energy difference in the adsorption
energies of the sites is quite small. Thus, it could be taken as a constant
term as regards temperature increase.

Eadsy

e sl

(3a)

3. Results and discussion
3.1. Models and their stability

Ab initio geometry optimizations were performed on different slab
models of the 4H — SiC substrate, including (2 x 1) 4H — SiC(0001),
4H — SiC(0001)g; reconstructed n-bonded chain (z-BC) models and ideal
(1 x 1) Si and C-face models. Based on the experimental report, buckled
model (2 x 1) periodicity is observed to be indistinguishable from the (1
x 1) ideal model and it is found to be energetically unstable compared to
the former and latter models, via extensive density functional theory
investigation [24]. Therefore, we exclude it from our study and
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Fig. 3. Individual adsorbate sites and hexagonal surface sites of the n-bonded chain (r-BC) surface (a) SiC(g) sites (b) SiCyg) sites (c) SiaCag) (I1) sites (d) SisCa(g) (L)
sites () SisCyg)(I2) sites (f) Bond and hollow sites, and (g) On top atom sites of the 4H — SiC(OOOT)C n-bonded chain (n-BC). All bond dimensions are given

in Armstrong.

performed spin-polarized and unpolarized calculations on n-bonded
chain (7-BC) models and ideal (1 x 1) Si and C-face models. In the ideal
models, the top most atoms of silicon and carbon on the substrate sur-
face are of sp? hybridization (bonded to three atoms), and thus contain
dangling bonds. While for the n-bonded chain structures, models were
built by reconstructing the topmost two bilayers of the hexagonal
membered ring, in a (2 x 1) structure of Si-face and C-face, to five and
seven-membered rings similar to that predicted by Pandey [40,41]. The
n-bonded chain structures, after reconstruction, appear not to contain
any dangling bond sites, because the Si and C atoms in the
seven-membered ring are close enough spatially to form a bond
(n-bond).

Fig. 2(b-k) depicts pictorial views of ideal (1 x 1) Si-face (k and h-
like stacking), (1 x 1) ideal C-face (k and h-like stacking), k and h-like
stacking of buckled Si-face SiC, k and h-like stacking of 4H— SiC(0001).
and 4H — SiC(0001)g; n-bonded chain (n-BC) models, respectively. Spin-
polarized and un-polarized optimizations were performed on ideal
models of Si and C-face, both k and h-like stacking, as shown explicitly in
Table I. While for the case of n-bonded chains, only un-polarized cal-
culations were performed because of their instability due to spin po-
larization, resulting in un-polarized wave functions [24]. Optimization
results show among other previous findings that n-bonded chain struc-
tures, both Si and C-face (k and h-like stacking) are the most stable
possible versions of the substrate. The C-face, k, and h-like stacking are
more stable, with the latter being the most favorable in stability. Ideal
models are second in terms of stability rankings and prefer
spin-polarized calculations, as they are more energetically stable.
Models of spin-polarized h-like stacking of 4H — SiC, Si, and C-faces, are
somewhat difficult to converge and hence, termed unstable models of (1
x 1) ideal structures. We, therefore, retained the C-face h-like stacking,
of the n-bonded chain (n-BC) model as the most stable and practically
viable of the 4H — SiC substrate.

Adsorption of SiC growth species on the (2 x 1) 4H— SiC(0001).
n-bonded chain (z-BC) Surface.

For the adsorption of SiC growth species on the reconstructed
n-bonded chain (n-BC) C-surface, we considered the most dominant SiC
gas-phase species (SisCy(g)(I1), SigCyg)(I2), SiCy(g) and SizCy(g) (I1)) from
source sublimation, reactions resulting from the collision of sublime
species with carbon crucible wall, and lateral interaction reactions re-
ported by A. Abubakar Alao and W.-D. Hsu [13]. These species consid-
ered the most dominant (shown in Fig. 3), are also regarded as the likely

SiC growth species, contributors since gas-phase dominance transport to
increase the impingement rate. SiCy is inclusive for surface adsorption
not that it is dominant, but because the sticking coefficient of SiC gas on
SiC surfaces might be quite great. The fact that Sig) and Si3Cs(g) (I1 & I)
species [13] are excluded from this investigation of growth contributing
species, doesn’t term the former as sparse, but rather, they mostly
partake in producing species of Si4Cy (g (I1 & Io). However, its sticking
coefficient is estimated in subsequent sections for further investigations.
The latter, Si3Csg)(I1 & I2) is not ample, and its adhesion or sticking
coefficient on the SiC surface should be good, but its stoichiometric ratio
(Si/C ratio) is 1:1. Hence, it is discarded.

While adsorbing the molecules on the substrate, three possible mo-
lecular sites on the surface (i.e. (i) Molecular atoms on top adsorption to
surface atoms, (ii) Molecular bonds adsorption to surface bonds, and (iii)
Molecular atoms adsorption on surface bridge sites) should be the ideal
configuration. The first two configurations, respectively involve
adsorbing on top molecular atoms on dissimilar surface atoms, while the
second, is for adsorption of two molecular bond atoms on dissimilar
surface bond atoms, except for molecular Si-Si or C-C bond adsorption.
The third configuration of molecular atoms on surface bridge sites
mostly converges to the first case (i). For instance, when molecular Si-
atom is placed on the surface bridge (in between Si-C bond) at equi-
librium adsorption distance, surface Si-atom interacts with the molec-
ular Si-atom to form a bond (since Si-Si bond could form from a farther
distance), which upon optimization converges more towards the surface
Si-atom. Turning it on top Si-Si adsorption, which is unconventional to
SiC formation. Likewise, when the molecular C-atom is placed on the
surface bridge, the surface Si-atom interacts with the molecular C-atom
to form a bond (since C-C interaction is limited at a farther distance),
which when optimized, converges toward the surface Si-atom, forming
an on top C-Si bond (configuration (i)). These first two aforementioned
adsorption configurations are distinctive to Si—C formation (growth) and
should be the applicable and ideal modeling case.

3.2. SiC(y, Species adsorption

SiCg) abundance in the gas phase is quite limited, however, it is
considered because of its likely great sticking coefficient to the surface of
4H — SiC(OOOT)C n-bonded chain (n-BC). For the adsorption, we first
determine the number of sites on the adsorbate (SiC gas) due to its
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Table 2

Molecule to surface minimum adsorption distance, system minimum energy (adsorbate on adsorbent), molecular active site’s bond lengths, molecular surface binding
sites, and their corresponding adsorption energies.

Molecule Minimum Adsorption Distance (A) Minimum Energy (eV) Molecular Bond Length (A) Surface Site Adsorption Energy (eV)
SiCg 1.936 —1114.8558 1.822 T7CR —5.2240
Siz2Cag)(I1) 1.855 —1128.2338 1.838 Si-C_S86 —2.4562
SiCa) 1.850 —1123.4259 1.843 Si-C_S86 —2.7796
SisCorg) (1) 1.855 ~1137.7293 1.336 c-C.S68 ~1.2225
Si4Cog) (I2) 2.400 —1138.1103 1.851 Si-C_S68 —2.0945

(b)

(©) (d)

Fig. 4. Adsorption of two (2) moles of SiC on the n-bonded chain (r-BC) surface (a) Front view (b) Plan view (c) Side view (d) Adsorption of Si>Cy(g (I ) molecule (e)
SizC(g) optimized geometry.

. 8ond circular point
~ of contact

Fig. 5. Conventional bond models of (a) Si-C (b) Si-Si, and (c) C-C for surface area calculation. Hard sphere models of (a) Si-C (b) Si-Si, (c) C-C for surface area
calculation, and (g) Atomic site sticking model of silicon.

(a) (b) (©)
(d) (e) ®

Table 3
Calculated atomic/molecular area, covalent radii, molecular single bond covalent radii, equilibrium bond lengths, and fractional area.
Task/Analysis Silicon Carbon Si-Si Bond Si-C Bond C-C Bond
Hard Sphere Conventional Hard Sphere Conventional Hard Sphere Conventional
Model Model Model Model Model Model
Calculated Area (AZ) 15.4893 7.4536 38.7231 55.1752 28.0429 38.3481 18.634 26.0876
Surface Accessible Solvent Area 135.1449 114.8241/ 94.1529
(VMD-SASA) 172.4961
Solvent Argon/Water
Covalent Radius (A) 111 0.77
[56] [57]
Molecular Single Bond Covalent  1.16 0.75
Radius (A) [58] [59]
Equilibrium Bond-Length (A) 2.358 [44,45] 1.749 [46] 1.54 [47]
Fractional Area of Atom/Bond 0.2730 0.2372 0.2184 0.1533 0.2138 0.1564 0.1897 0.1355
Site

(=)}
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Adsorption sites, status, number of surface binding sites and sticking coefficient of SiC at 2186 K.

Atom/Bond Site Surface Site Site Adsorption No. of Binding Probability Fraction of Area  Boltzmann Term Site Sticking
Status Site (Ps) (fa) Bp) Coefficient (S;)
Si 7 T7-R
T7-L Ads. 6 0.09091 0.2730 1.64843E-11 4.09113E-13
T7-V
C 9 T9-R
T9-L Ads. 6 0.09091 0.2372 0.222510 0.004798
T9-V
Si 6 T6 R Ads. 6 0.09091 0.2730 0.000265 6.58833E-06
T6_L
T6_V
C 8 T8_R
T8 L Ads. 6 0.09091 0.2372 0.054790 0.001181
T8V
Con C (neighboring 7 T7CR Ads. 6 0.09091 0.2372 0.636554 0.013727
Si) T7C_L
T7C.V
SiC 79 Si-C_S79 Ads. 12 0.18182 0.1564 0.013278 0.000378
69 Si-C_S96 Ads. 0.09091 0.1564 0.071826 0.001021
68 Si-C_S68 Ads. 12 0.18182 0.1564 0.000776 2.2059E-05
78 Si-C_S87 Ads. 0.09091 0.1564 1.64843E-11 2.34378E-13
Sticking 0.021134
Coefficient
Table 5

Adsorption sites, status, number of surface binding sites and sticking coefficient of SiCy) at 2186 K.

Atom/Bond Surface Site Adsorption No. of Binding Probability Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) Bp) (Se)
1 8 C1-8L
C1-8V Ads. 6 0.04167 0.2372 0.128627 0.001271
C1-8R
9 Cl1-9v Ads. 6 0.04167 0.2372 0.000106 1.05046E-06
C1-9R
2 8 C2-8L
Cc2-8Vv Ads. 6 0.04167 0.2372 0.084566 0.000835
C2-8R
9 C2-9V Ads. 6 0.04167 0.2372 0.000478 4.73386E-06
C2-9R
3 6 Si-6L
Si-6V
Si-6R Ads. 6 0.04167 0.2730 0.000170 1.93712E-06
7 Si-7L Not Ads. 6 0.04167 0.2730 - -
Si-7v
Si-7R
Si-C (1.843) 68 Si-C_S86 Ads. 12 0.08333 0.1564 0.682250 0.008891
78 Si-C_S87  Not Ads. 6 0.04167 0.1564 - -
79 Si-C_S97  Ads. 12 0.08333 0.1564 0.000335 4.36673E-06
69 Si-C_S96 Ads. 6 0.04167 0.1564 0.000386 2.51614E-06
Si-C (1.834) 68 Si-C_S86  Ads. 12 0.08333 0.1564 0.086933 0.001133
78 Si-C_S87  Not Ads. 6 0.04167 0.1564 - -
79 Si-C_S97 Ads. 12 0.08333 0.1564 2.25848E-06 2.94344E-08
69 Si-C_S96 Ads. 6 0.04167 0.1564 0.000236 1.54067E-06
c-C 86 C-C_S86 Ads. 12 0.08333 0.1355 0.003599 4.06322E-05
87 C-C_S87 Ads. 6 0.04167 0.1355 0.000901 5.08619E-06
97 C-C_S97 Ads. 12 0.08333 0.1355 0.000506 5.71169E-06
96 C-C_S96 Ads. 6 0.04167 0.1355 0.010902 6.15568E-05
Sticking Coefficient  0.012261

polarity and the adsorbent (4H — SiC(OOOT)C n-bonded chain (n-BC)), as
shown in Fig. 3 (a), (), and (g). There are two (2) sites on the adsorbate,
with C-site being the most electronegative (reactive). Whilst on the
surface of the hexagonal n-bonded chain (n-BC) lies four atom sites (9, 6,
8, and 7), four bond sites (1, 2, 3, and 4 corresponding to 7-9, 6-9, 6-8
and 7-8 bond respectively). The bond notation for the adsorption is
based on, when the silicon atom is first bonded to the surface carbon
atom (i.e. forming Si-C). The existence of a hollow site, (5), in the
middle of the hexagonal layer, makes it nine surface active sites in total.

Adsorption is examined by first determining the minimum adsorp-
tion distance of 1.936 A for SiC gas on the 4H — SiC(0001), n-bonded
chain (n-BC) surface. Thereafter, three adsorbate orientations of vertical,

45-degree left and right for on top surface atom positions were consid-
ered (9, 6, 8, and 7, pending on whether Si or C adsorbate are to be
adsorbed on the surface sites to form SiC). Four possible orientations for
the bond sites exist, that is, horizontal bondage of the adsorbate with the
surface bond sites (1, 2, 3, and 4). Since the carbon of the SiC adsorbate
is more reactive, SiC to surface reactivity could be more when the carbon
of the adsorbate is adsorbed on the surface carbon atom than the
neighboring silicon atom. For this reason, we adsorbed the carbon of the
adsorbate in the vertical, 45-degree left and right orientation on surface
atom seven (7), and provide optimized structures of the models in
Fig. S1 (q), (r), and (s). Results of the optimized structures and energies,
for all the possible sites of the SiC adsorbed on the n-bonded chain (n-BC)
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Table 6
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Adsorption sites, status, number of surface binding sites and sticking coefficient of Si»Cy(g) at 2186 K.

Atom/Bond Surface Site Adsorption No. of Binding Probability =~ Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) Bp) (Sc)
1 6 Si-6L
Si-6V Ads. 6 0.0263 0.2730 0.000209 1.49989E-06
Si-6R
7 Si-7L Not Ads. 6 0.0263 0.2730 - -
Si-7V
Si-7R
2 8 C-8L Ads. 6 0.0263 0.2372 0.020145 0.000126
C-8V
C-8R
9 C-9v Not Ads. 6 0.0263 0.2372 - -
1 6 Si-6L
Si-6V Ads. 6 0.0263 0.2730 0.000209 1.49989E-06
Si-6R
7 Si-7L Not Ads. 6 0.0263 0.2730 - -
Si-7V
Si-7R
Si-C 68 Si-C_S86 Ads. 12 0.0526 0.1564 0.220653 0.001816
78 Si-C_S87  Ads. 6 0.0263 0.1564 1.65919E-05 6.82999E-08
79 Si-C_S97  Ads. 12 0.0526 0.1564 5.73698E-07 4.72230E-09
69 Si-C_S96 Not Ads. 6 0.0263 0.1564 - -
c-C 86 C-CS86  Ads. 12 0.0526 0.1355 0.076519 0.000546
87 C-C_S87 Not Ads. 6 0.0263 0.1355 - -
97 C-CS97  Ads. 12 0.0526 0.1355 9.30996E-05 6.63927E-07
96 C-C_S96 Not Ads. 6 0.0263 0.1355 - -
2 8 C-8L Ads. 6 0.0263 0.2372 0.020145 0.000126
C-8V
C-8R
9 C-9vV Not Ads. 6 0.0263 0.2372 - -
Si-C 68 Si-C_S86  Ads. 12 0.0526 0.1564 0.220653 0.001816
78 Si-C_S87  Ads. 6 0.0263 0.1564 1.65919E-05 6.82999E-08
79 Si-C_S97 Ads. 12 0.0526 0.1564 5.73698E-07 4.72230E-09
69 Si-C_S96  Not Ads. 6 0.0263 0.1564 - -
Si-C 68 Si-C_S86  Ads. 12 0.0526 0.1564 0.220653 0.001816
78 Si-C_S87 Ads. 6 0.0263 0.1564 1.65919E-05 6.82999E-08
79 Si-C_S97  Ads. 12 0.0526 0.1564 5.73698E-07 4.72230E-09
69 Si-C_S96  Not Ads. 6 0.0263 0.1564 - -
Si-C 68 Si-C_S86  Ads. 12 0.0526 0.1564 0.220653 0.001816
78 Si-C_S87  Ads. 6 0.0263 0.1564 1.65919E-05 6.82999E-08
79 Si-C_S97  Ads. 12 0.0526 0.1564 5.73698E-07 4.72230E-09
69 Si-C_S96  Not Ads. 6 0.0263 0.1564 - -
Sticking Coefficient 0.008066

model, are provided explicitly in Fig. S1 (a)-(s) and Table S1 of the
supplementary data, respectively. Our finding shows that carbon of the
adsorbate, adsorbed on surface carbon site seven (7), 45-degrees right
while neighboring silicon atom (T7C_R) is the most feasible of SiC gas on
4H — SiC(OOOT)C n-bonded chain (n-BC) surface adsorption.

3.3. SiCy Species adsorption

As reported in Ref. [13] investigation of SiC gas-phase reactions,
SiCy(y) dominance at equilibrium in the PVT process arises from the
sublimation reactions rather than from the lateral interaction reactions.
This specie’s dominance gives a glimpse of insight into its contribution
to the SiC growth rate since dominance literally translates to an increase
in deposition rate. In light of the above, we, therefore, considered mo-
lecular SiCyg adsorption on the reconstructed 4H — SiC(0001)¢
n-bonded chain (n-BC) surface, by first identifying the number of sites in
the molecule, considering its asymmetry and polarity. The resulting site
numbers were three atom sites and two bond sites, and the veracity of its
asymmetry can be ascertained from its bond lengths, shown in Fig. 3 (b).
Bearing in mind the substrate surface sites are known, as depicted in
Fig. 3 (f) and (g).

Carbon atoms 1 and 2 are adsorbed on silicon surface atoms 8 and 9,
in vertical, 45-degrees left, and 45-degrees right orientations. Likewise,
silicon atom 3 is adsorbed on carbon surface atoms 6 and 7, in the same
manner as the aforementioned description. In situations where the
molecule is to be adsorbed in the groove, an inclination of 45° either left

or right might result in electron cloud repulsion due to the closeness of
the adsorbate to the adsorbent groove. For such cases, the model is
discarded, as it is unrealistic and not feasible. The three bond sites of
Si-C (1.834 A), Si~C (1.843 A), and C-C (1.285 A) are each adsorbed on
the four surface bridge sites whilst still maintaining the adsorption
distance of 1.850 A. These combinations are carried out this way, in
order to exhaust all the possibilities of finding the surface binding sites
for surface adsorption. Fig. S2 and Table S2 in the supplementary data,
provide the equilibrium geometries of all the possible combinations for
molecular to surface atom sites and molecular bond sites to surface bond
sites and a tabular presentation of every site with its corresponding
energies. From the given table, the Si-C (1.843 i\) site, on surface sites
6-8, with a bond length of 1.791 A, is the surface binding site for SiCy(g)
adsorption, with adsorption energy of —2.7796 eV.

3.4. SiyCyy (I1) Species adsorption

Adsorption of SiyCy(I1) species on the reconstructed 4H —
SiC(OOOT)C n-bonded chain (n-BC) surface is considered in this silicon
carbide crystal growth investigation, due to the fact that, at reduced
temperature (2186 K) [13] around the seed layer, the nucleation and
evolution of Si>Cy(g)(I1) species is much rapid and faster than those of
SiCy(g), SizCrg), SizCs(I1 &I2) and SiCy,) species, respectively. Its
nucleation and evolution are due to under-cooling, for which tempera-
ture serves as a driving force for its species to nucleate and grow on the
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Table 7
Adsorption sites, status, number of surface binding sites and sticking coefficient of Si4Cyg (I;) at 2186 K.
Atom/Bond Surface Site Adsorption No. of Binding Probability ~ Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) Bp) (Se)
C1 8 C1-8vV
C1-8R Not ads. 6 0.01190 0.2372 - -
C1-8VR
9 Cl1-9v Not ads. 6 0.01190 0.2372 - -
C2 8 C2-8v
C2-8R Not ads. 6 0.01190 0.2372 - -
C2-8VR
9 C2-9v Not ads. 6 0.01190 0.2372 - -
3 6 Si3-6L Ads. 6 0.01190 0.2730 0.684828 0.002225
Si3-6V
Si3-6R
7 Si3-7v Not ads. 6 0.01190 0.2730 - -
4 6 Si4-6L
Si4-6V Ads. 6 0.01190 0.2730 0.110046 0.000358
Si4-6R
7 Si4-7L
Si4-7vV Not ads. 6 0.01190 0.2730 - -
Si4-7R
5 6 Si5-6L
Si5-6V Not ads. 6 0.01190 0.2730 - -
Si5-6R
7 Si5-7L
Si5-7V Not ads. 6 0.01190 0.2730 - -
Si5-7R
6 6 Si6-6L
Si6-6V Not ads. 6 0.01190 0.2730 - -
Si6-6R
7 Si6-7V Not ads. 6 0.01190 0.2730 - -
Si-C (1.835) 68 Si-C_S68 Ads. 12 0.02381 0.1564 0.000349 1.30053E-06
78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -
79 Si-C_S79 Not ads. 12 0.02381 0.1564 - -
69 Si—C_S69 Not ads. 6 0.01190 0.1564 - -
Si-Si (2.453) 68 Si-Si_S68 Not ads. 12 0.02381 0.1533 - -
78 Si-Si_S78 Not ads. 6 0.01190 0.1533 - -
79 Si-Si_S79 Not ads. 12 0.02381 0.1533 - -
69 Si-Si_S96 Not ads. 6 0.01190 0.1533 - -
Si-Si (2.455) 68 Si-Si_S68 Not ads. 12 0.02381 0.1533 - -
78 Si-Si_S78 Not ads. 6 0.01190 0.1533 - -
79 Si-Si_S79 Not ads. 12 0.02381 0.1533 - -
69 Si-Si_S96 Not ads. 6 0.01190 0.1533 - -
Cc-C 86 C-C_S68 Ads. 12 0.02381 0.1355 0.000172 5.54091E-07
87 C-C_S87 Not ads. 6 0.01190 0.1355 - -
97 C-C_S97 Not ads. 12 0.02381 0.1355 - -
96 C-C_S96 Not ads. 6 0.01190 0.1355 - -
Si-Si (2.453) 68 Si-Si_S68 Not ads. 12 0.02381 0.1533 - -
78 Si-Si_S78 Not ads. 6 0.01190 0.1533 - -
79 Si-Si_S79 Not ads. 12 0.02381 0.1533 - -
69 Si-Si_S96 Not ads. 6 0.01190 0.1533 - -
Si-C (1.834) 68 Si—C_S68 Ads. 12 0.02381 0.1564 0.000635 2.36313E-06
78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -
79 Si-C_S79 Not ads. 12 0.02381 0.1564 - -
69 Si—C_S69 Not ads. 6 0.01190 0.1564 - -
Si-C (2.129) 68 Si-C_S68 Ads. 12 0.02381 0.1564 0.032717 0.000122
78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -
79 Si-C_S79 Not ads. 12 0.02381 0.1564 - -
69 Si-C_S69 Not ads. 6 0.01190 0.1564 - -
Si-C (2.129) 68 Si-C_S68 Ads. 12 0.02381 0.1564 0.032717 0.000122
78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -
79 Si-C_S79 Not ads. 12 0.02381 0.1564 - -
69 Si-C_S69 Not ads. 6 0.01190 0.1564 - -
Si-Si (2.451) 68 Si-Si_S68 Not ads. 12 0.02381 0.1533 - -
78 Si-Si_S78 Not ads. 6 0.01190 0.1533 - -
79 Si-Si_S79 Not ads. 12 0.02381 0.1533 - -
69 Si-Si_S96 Not ads. 6 0.01190 0.1533 - -
Si-Si (2.452) 68 Si-Si_S68 Not ads. 12 0.02381 0.1533 - -
78 Si-Si_S78 Not ads. 6 0.01190 0.1533 - -
79 Si-Si_S79 Not ads. 12 0.02381 0.1533 - -
69 Si-Si_S96 Not ads. 6 0.01190 0.1533 - -
Si-C (2.130) 68 Si—C_S68 Ads. 12 0.02381 0.1564 0.057310 0.000213
78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -
79 Si-C_S79 Not ads. 12 0.02381 0.1564 - -
69’ Si—C_S69 Not ads. 6 0.01190 0.1564 - -
Si-C (2.131) 68 Si-C_S68 Ads. 12 0.02381 0.1564 0.081227 0.000302

(continued on next page)
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Atom/Bond Surface Site Adsorption No. of Binding Probability ~ Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) $p) (Sc)

78 Si-C_S78 Not ads. 6 0.01190 0.1564 - -

79 Si-C.S79  Not ads. 12 0.02381 0.1564 - -

69’ Si-C.S69  Not ads. 6 0.01190 0.1564 -

Sticking Coefficient 0.003346

substrate, as evident from the Kinetic Monte Carlo simulation and
classical approach in Ref. [13]. In order to accurately predict its surface
binding site, taking into account the number of surface sites that have
previously been found (see Fig. 3 (f) and (g)), an analysis on the
SizCy(g)(I1) molecule was then carried out, for which symmetry was first
identified due to the equality in Si-C bond length (Fig. 3 (c)). The
symmetry line shown in a long dash red color shows one-half of the
molecule is a mirror image of the other half. Taking into account the
aforementioned, two atomic sites of silicon and carbon, and two mo-
lecular bond sites of Si-C and C-C bonds are pinpointed for calculation,
and the other symmetric half taking into account for further analysis as
shown in the Tables.

In order to find the surface binding site, adsorption of the identified
atomic sites were first carried out, by adsorbing molecular silicon and
carbon sites on surface atom sites of carbon (6 and 7) and silicon (8 and
9) atoms, respectively, in orientations of vertical, 45-degrees left and 45-
degrees right. In cases where inclined adsorption (45-degree left or
right) of the molecule is not feasible, such as molecular carbon site
adsorption on groove surface silicon (Si 9) of the n-bonded chain (n-BC)
surface, only vertical adsorption of the molecule is realistic (Fig. S3 (j)),
and should be considered as practical. Molecular bond sites of Si—C and
C-C are each adsorb separately, on the four surface bond sites (6-8, 7-8,
7-9, and 6-9) of the n-bonded chain (n-BC) surface. For clarity, this
convention is chosen for bond sites in such a way that, when silicon from
the molecular side is bonded with the surface carbon atom (to form a
Si-C bond), the surface carbon atom number precedes the next surface
atom (silicon) making a bond with another molecular atom. Equilibrium
geometries of all the site combinations are shown in Fig. S3 of the
supplementary, for visual observation. An explicit analysis of their en-
ergies presented in Table S3 shows the Si—C bond site of the molecule is
the preferred surface binding site on surface 8-6 of the n-bonded chain
(n-BC) surface, which record adsorption energy of —2.4562 eV among
others. This result is another confirmation that the surface binding site is
Si-C bond 6-8.

3.5. SisCyy (1) Species adsorption

Evidence from previous Kinetic Monte Carlo (KMC) investigation of
silicon carbide PVT gas-phase reactions, shows isomers of tetra silicon
dicarbide SisCy( (I1 & I2) as the most copious species among others,
present in the PVT system [13], due to the kinetics of their resulting
reaction involving a high influx of silicon. Thus, these clusters should be
considered as some of the most important growth contributing silicon
carbide species, counting on their abundance, which literally translates
to an increase in impingement rate. Equilibrium geometry of SisCyg)(I1)
[13] obtained from Gaussian 03 software optimization, shows good
agreement of equilibrium energy and bond lengths with previous
ab-initio calculations [42]. Each of the bond lengths as observed, is
exclusively different from the rest, implying asymmetry of the molecule.
This led to the identification of six atomic sites and twelve bond sites of
the molecule, of which five of the bonds are Si-Si, six are of Si-C bond
types and one is C-C bond.

For the adsorption of SisCy)(I1) species on the n-bonded chain
(n-BC) surface, we maintained the previous approach, by adsorbing
silicon atoms of the molecule (3, 4, 5, and 6) on surface carbon atoms (6
and 7), in vertical orientations, 45-degree left, and 45-degree right.
Likewise, for the carbon atom of the adsorbate, carbon atoms (1 and 2)
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are adsorbed on the surface silicon atoms (8 and 9) of the n-bonded
chain (n-BC), in the same aforementioned orientations. It should be
noted that, in cases where a molecule is to be adsorbed in the groove, 45-
degree left or right orientations are not feasible nor practical, as the
molecule gets shattered (Fig. S4 (p), (1), (v), (x)) due to high electronic
repulsion of the electron cloud. Hence, only vertical orientation is a
reasonable geometry orientation. As for the bond sites, Si-Si, C-C, and
Si-C molecular bond sites are adsorbed on the four available surface
bond sites (6-8, 7-8, 7-9, and 6-9) of the n-bonded chain (n-BC) surface.
All the molecular bond sites were adsorbed on these surface sites for
binding site search, except Si-C bond sites 1.834, 2.129, 2.130, and
2.131 A which were only adsorbed on surface site 6-8, due to the fact
that prior adsorption calculations of SizCy(g)(I1), SiCa(g) and SisCyg) (I2)
(see below section) reveals 6-8 as the surface binding site. As compared
to other molecules, where the molecular binding site is the Si-C bond,
SisCyq)(I1) case is somewhat different, as the C-C bond site is more
reactive than other bonds.

3.6. SiyCyy (I2) Species adsorption

Si4Cy(g) (I2) is considered as the second most abundant silicon carbide
growth contributing species. Therefore, we utilized its optimized ge-
ometry for surface binding site investigation on the reconstructed 4H —
SiC(OOOT)C n-bonded chain (n-BC) surface. Equilibrium bond lengths of
the optimized molecule agreed with those reported in Ref. [43], and the
molecule is asymmetry. This implies that each atom site, as well as bond
sites, will exhibit unique adsorption energy and must be labeled and
investigated on the surface separately, in order to find the molecular and
surface binding site. We, therefore, identified six different atom sites, for
which two are carbon atom sites, four are silicon atom sites, and ten
bond sites, which include six Si—-C bonds, three Si-Si bonds, and a single
C-C bond site as shown picturesque in Fig. 3(e).

Each atom site is adsorbed in 45-degree left, right and vertical
orientation via density functional theory (DFT) simulation on either of
the two surface atom sites 9 (Si), 6 (C), 8 (Si), and 7 (C), depending on
which molecular atom site is to be adsorbed. Likewise, for the bond sites,
Si-C bonds, Si-Si bonds, and C-C bonds are adsorbed on surface bridge
sites 6-8, 7-8, 9-7, and 6-9 for each bond investigation. The DFT
analysis reveals that the Si-C molecular bond site of bond length 1.851 A
is the binding site on surface site 6-8. Explicit values of the adsorption
energies for each molecule, their corresponding surface binding sites,
molecular active site’s bond lengths, system minimum energy, and
molecule-to-surface minimum adsorption distance are tabulated in
Table II.

3.7. Sticking coefficient

In order to estimate the sticking coefficient of individual species on
the substrate, we first investigate for dissociative adsorption and found
out that, clusters/molecules of SizCyg)(I1), SiCa(g), SisCog)(I1) and
Si4Cy(g)(I2) do not actually dissociate on the surface to form 2SiC,,
SiC(g) + C(g) and 2SiyCg) (for SisCy(g (I1&I2)), respectively, but rather,
they are adsorbed as clusters/molecules on the substrate to form solid
silicon carbide (SiC(c)). This conclusion is ascertained via the adsorption
of 2 mol of silicon carbide (2SiC(g)) on the Si—C_S86 site and its neigh-
boring site (see Fig. 4(a-d)), and also, on SiC( site (T7C_R) and its
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Table 8

Adsorption sites, status, number of surface binding sites, and sticking coefficient of Si4Cyg)(I2) at 2186 K.

Vacuum 205 (2022) 111414

Atom/Bond Surface Site Adsorption No. of Binding Probability ~ Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) Bp) (Se)
1 6 Sil-6L Ads. 6 0.01389 0.2730 2.88781E-05 1.09505E-07
Sil-6V
Sil-6R
7 Sil-7L
Sil-7v Not Ads. 6 0.01389 0.2730 - -
Sil-7R
2 8 C2-8L
C2-8V Ads. 6 0.01389 0.2372 5.64912E-05 1.86122E-07
C2-8R
9 C2-9V Ads. 6 0.01389 0.2372 1.65735E-05 5.46050E-08
3 6 Si3-6L
Si3-6V Ads. 6 0.01389 0.2730 0.001052 3.98965E-06
Si3-6R
7 Si3-7L Not Ads. 6 0.01389 0.2730 - -
Si3-7v
Si3-7R
4 8 C4-8L
C4-8V Ads. 6 0.01389 0.2372 0.011999 3.95321E-05
C4-8R
9 C4-9v Ads. 6 0.01389 0.2372 0.000370 1.21946E-06
5 6 Si5-6L
Si5-6V Ads. 6 0.01389 0.2730 0.000181 6.88003E-07
Si5-6R
7 Si5-7V Not ads. 6 0.01389 0.2730 - -
6 6 Si6-6L
Si6-6V
Si6-6R Ads. 6 0.01389 0.2730 8.75353E-05 3.31931E-07
7 Si6-7L
Si6-7V Not Ads. 6 0.01389 0.2730 - -
Si6-7R
Si-Si (2.481) 68 Si-Si_S68 Not Ads. 12 0.02778 0.1533 - -
78 Si-Si 878  Not Ads. 6 0.01389 0.1533 - -
97 Si-Si 897  Not Ads. 12 0.02778 0.1533 - -
69 Si-Si_S69 Not Ads. 6 0.01389 0.1533 - -
Si-Si (2.479) 68 Si-Si_S68  Not Ads. 12 0.02778 0.1533 - -
78 Si-Si_ S78  Not Ads. 6 0.01389 0.1533 - -
97 Si-Si 897  Not Ads. 12 0.02778 0.1533 - -
69 Si-Si S69  Not Ads. 6 0.01389 0.1533 - -
68 Si-Si S68  Not Ads. 12 0.02778 0.1533 - -
78 Si-Si_S78  Not Ads. 6 0.01389 0.1533 - -
Si-Si (2.478) 97 Si-Si S97  Not Ads. 12 0.02778 0.1533 - -
69 Si-Si S69  Not Ads. 6 0.01389 0.1533 - -
68 Si-C_S68  Ads. 12 0.02778 0.1564 0.018991 8.25137E-05
78 Si-C_S78  Ads. 6 0.01389 0.1564 2.46658E-05 5.35839E-08
Si-C (1.788) 97 Si-C_S97  Ads. 12 0.02778 0.1564 0.002172 9.43490E-06
69 Si-C_S96 Not Ads. 6 0.01389 0.1564 - -
68 Si-C_S68  Ads. 12 0.02778 0.1564 0.000482 2.09476E-06
78 Si-C_S78 Not Ads. 6 0.01389 0.1564 - -
Si-C (2.058) 97 Si-C_S97 Not Ads. 12 0.02778 0.1564 - -
69 Si-C_S96  Ads. 6 0.01389 0.1564 1.76168E-05 3.82708E-08
68 Si-C_S68  Ads. 12 0.02778 0.1564 0.010216 4.43860E-05
78 Si-C_S78  Ads. 6 0.01389 0.1564 2.42761E-05 5.27373E-08
Si-C (1.832) 97 Si-C_S97 Not Ads. 12 0.02778 0.1564 - -
69 Si-C_S96 Not Ads. 6 0.01389 0.1564 - -
68 Si-C_S68 Ads. 12 0.02778 0.1564 2.82864E-05 1.22898E-07
78 Si-C_S78 Not Ads. 6 0.01389 0.1564 - -
Si-C (2.083) 97 Si-C_S97 Not Ads. 12 0.02778 0.1564 - -
69 Si-C_S96 Ads. 6 0.01389 0.1564 1.48094E-05 3.2172E-08
68 Si-C_S68  Ads. 12 0.02778 0.1564 0.941905 0.004092
78 Si-C_S78 Not Ads. 6 0.01389 0.1564 - -
Si-C (1.851) 97 Si-C_S97 Ads. 12 0.02778 0.1564 0.001500 6.51696E-06
69 Si-C_S96 Ads. 6 0.01389 0.1564 3.5127E-05 7.63097E-08
68 Si-C_S68  Ads. 12 0.02778 0.1564 0.008062 3.50285E-05
78 Si-C_S78 Ads. 6 0.01389 0.1564 0.000159 3.45716E-07
Si-C (1.985) 97 Si-C_S97 Not Ads. 12 0.02778 0.1564 - -
69 Si-C_S96 Not Ads. 6 0.01389 0.1564 - -
68 C-C_S68 Not Ads. 12 0.02778 0.1355 - -
87 C-C_S87 Ads. 6 0.01389 0.1355 0.000170 3.19897E-07
C-C (1.516) 97 C-C_S97 Ads. 12 0.02778 0.1355 0.002406 9.05598E-06
69 C-C_S96 Not Ads. 6 0.01389 0.1355 - -
Sticking Coefficient 0.004329
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Table 9
Adsorption sites, status, number of surface binding sites and sticking coefficient of Si»Cg at 2186 K.
Atom/Bond Surface Site Adsorption No. of Binding Probability Fraction of Area Boltzmann Term Site Sticking Coefficient
Site Site Status Site (Ps) (fa) Bp) (Sc)
1 8 C-8L Ads. 6 0.04167 0.2372 0.078453 0.000775
C-8V
C-8R
9 C-9L Ads. 6 0.04167 0.2372 0.000286 2.82216E-06
C-9vV
2 6 Si-6L
Si-6V Ads. 6 0.04167 0.2730 4.25499E-05 4.84044E-07
Si-6R
7 Si-7L Ads. 6 0.04167 0.2730 4.30269E-05 4.89471E-07
Si-7V
Si-7R
2 6 Si-6L
Si-6V Ads. 6 0.04167 0.2730 0.454942 0.005929
Si-6R
7 Si-7L Ads. 6 0.04167 0.2730 7.66614E-05 4.99617E-07
Si-7V
Si-7R
Si-C 68 SiC_S68 Ads. 12 0.08333 0.1564 0.005400 3.51949E-05
87 SiC_S87 Ads. 6 0.04167 0.1564 0.000251 3.20771E-06
97 SiC_S97 Not Ads. 12 0.08333 0.1564 - -
96 SiC_S96 Ads. 6 0.04167 0.1564 0.454942 0.005929
Si-Si 68 SiSi_S68 Ads. 12 0.08333 0.1533 7.66614E-05 4.99617E-07
87 SiSi_S87 Not Ads. 6 0.04167 0.1533 - -
97 SiSi_S97 Not Ads. 12 0.08333 0.1533 - -
96 SiSi_S96 Not Ads. 6 0.04167 0.1533 - -
Si-C 68 SiC_S68 Ads. 12 0.08333 0.1564 0.005400 3.51949E-05
87 SiC_S87 Ads. 6 0.04167 0.1564 4.25499E-05 4.84044E-07
97 SiC_S97 Not Ads. 12 0.08333 0.1564 - -
96 SiC_S96 Ads. 6 0.04167 0.1564 4.30269E-05 4.89471E-07

Sticking Coefficient ~ 0.012713

Table 10
Adsorption sites, status, number of surface binding sites and sticking coefficient of Si;) at 2186 K.
Atom Site  Surface Site  Site Adsorption Status ~ No. of Binding Site ~ Probability =~ Fraction of Area (fs) Boltzmann Term (53p) Site Sticking Coefficient (S.)
(Ps)
Si 6 T1.6 Ads. 6 0.10526 0.2730 0.977721 0.028096
7 T27 Ads. 6 0.10526 0.2730 0.009669 0.000278
5 Hollow  Not Ads. 9 0.15789 - - -
Si 96 Si_S96 Not Ads. 6 0.10526 - - -
68 Si_S68 Not Ads. 12 0.21053 - - -
87 Si_S87 Ads. 6 0.10526 0.2730 0.009855 0.000283
97 Si_S97 Ads. 12 0.21053 0.2730 0.002755 0.000158

Sticking Coefficient 0.028815

Table 11
Comparison of silicon carbide (PVT) experimental growth rate with simulation.
Current work/Benchmarking Seed temperature Growth pressure Source to seed Axial temperature Growth rate Crystal Method
Literatures K) (mbar) distance (mm) gradient (mm/h) type
K/cm
This work 2529 1.33 82 2.2-3.4 0.62 4H Simulation
3.99 0.50
6.66 0.41
13.33 0.28
26.66 0.18
Selder, M. et al. [60] 2498-2512 25 0.18-0.24 Simulation
Tymicki, E. et al. [61] 2573 100-300 30 26.67 0.11-0.16 6H Experiment
Tupitsyn, E. Y. et al. [62] 2223-2523 13.3-39.9 50 1-1.12 4H/6H Experiment
Chen, Q. S. et al. [63] 2671 80-120 0.45-0.85 Simulation
Barrett, D. L. et al. [64] ~2140 0.27 5-47 100 0.75 6H Experiment
~2453 2.66 1.1-1.2
~2513 6.65 1.2
~2533 26.6 0.3-0.6
neighboring site to form 2SiC) on the substrate. The former configu- energy than adsorb Si;Cy)(I1). This implies that SipCyg)(I1) cluster
ration forms a linear isomer of Si;Cy () on the surface, which conforms adsorption on the substrate is the adsorb/right configuration. The latter

with the 4H — SiC(000T), growth behavior, but appears to be of higher configuration of 2SiC(g) (T7C_R and its neighboring site) has much lower
energy than the former, but higher energy than adsorbing Si»Cy ) (I1)

12



A.A. Alao et al.

(@) 2

SI/C ratio

2185
o 2206 K
[==2416K]

Time (Sec)

(b) 24

Vacuum 205 (2022) 111414

Si/C ratio

08 2185 K|
o 2296 K
k| |

Time (Sec)

Fig. 6. Estimated Si/C ratio with time, on the reconstructed 4H — SiC(OOOT)C n-bonded chain (n-BC) substrate. (a) Without coupling the Boltzmann term (b) When

the Boltzmann term is coupled.

cluster. Similar investigation for SiCy(g), SigCy(g)(I1) and SisCyg (I2) is
also carried out on the reconstructed 4H — SiC(0001) n-bonded chain
(n-BC) surface and the conclusion remains the same.

For the sticking coefficient estimation of each molecule, we utilize
the system energy of each adsorption site, and calculate the adsorption
energies of the sites (see Tables S1-S5 in the supplementary informa-
tion), in order to know the status of adsorption on each specific site.
Furthermore, the probability of the site is calculated via counting for
each site, the number of identical sites on the substrate, and the ratio of
the identical sites to the total number of sites is taken as the probability
of sites. From equation (2) in the prior section, the sticking coefficient of
an individual site is derived as the product of its probability, fractional
area and Boltzmann probability term (when the term is coupled). The
fractional area as defined is the ratio of the sticking surface (bond cir-
cular point of contact) to the atom/bond surface area. To have a better
understanding, we respectively provide models of bond surface area for
Si-C, Si-Si, and C-C; both conventional bond models (Fig. 5 (a), (b) and
(c)) and hard-sphere (Fig. 5 (d), (e) and (f)), and atomic site sticking
model (Fig. 5 (g)).

In the case of atomic site sticking (silicon or carbon), the tip of the
bond formed (be it silicon or carbon bond) is considered as the sticking
surface, which is calculated by using the molecular single bond covalent
radius provided in Table III, and the atomic surface area using the co-
valent radius. Likewise, for the bond-site sticking, we made use of the
same approach, by calculating the sticking surface area for the two
bonds formed. Here, the molecular single bond covalent radius will be
used depending on the types of atoms (or bond) sticking on the surface.
For instance, a Si and C, Si and Si, and C and C, molecular single bond
covalent radius should be made use of, for Si-C, Si-Si, and C-C bond
sticking surface calculation, respectively. Thereafter, the molecular
bond shape is also of paramount importance for the accurate prediction
of the sticking surface fractional area. This is determined by considering
the types of molecular atoms or molecular atoms covalent radii used in
molecule bond formation. In a case where the molecular atoms’ covalent
radii are of the same magnitude (Si-Si and C-C), the bond shape is
considered cylindrical, and its surface area, S.,q (see Eqn. (3)) is
calculated using the conventional bond model approach or hard-sphere
model. However, where the molecular atoms are dissimilar, and whose
covalent radii are of different magnitudes (Si-C), the bond shape is
considered a frustum, and its area is calculated via the method of sim-
ilarity in enlargement (Eqn. (4)), in order to first determine the frustum
height, for both conventional and hard-sphere models. Afterward, the
frustum surface area (Sjs) for both models is estimated (see Eqn. (5)).

Seyting =271 + 21rh 3
H dl

2_4 4
W d, “4)
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Spuse = (r + R)S’ +2r? + 7R* 5)
Where d; and dy are respectively, diameters of the large and small
atoms, H and h are the heights of the extended cone and frustum,
respectively. For the surface area, r is the radius of the small atom, R is
the radius of the large atom, and S is the frustum slant height.

In the hard-sphere models, the summation of the two atoms’ covalent
radii for a specific molecular bond type, gives the bond length. Whereas,
the height of the cylindrical (or frustum) shape of the bond, is calculated
by summing the other two halves of the covalent radii, of the atoms. In
contrast, conventional bond heights are estimated via summation of
equilibrium bond length, be it Si-Si [44,45], Si-C [46], or C-C [47]
bond, and the diameter of the two atoms. It is apparent, from the pro-
vided figures (Fig. 5) and tables (Tables IV-X), that a specific molecular
bond type (Si-Si, Si-C, or C-C) is not unique or is dissimilar in length to
other bonds of the same type, on the same molecule. Nonetheless, the
argument is that bond lengths of the same type, with different lengths on
the same molecule, will converge to the equilibrium length (2.358 for
Si-Si, 1.749 for Si-C, and 1.54 for C-C) during adsorption. Thus, the use
of equilibrium lengths for Si-Si, Si-C, and C-C bonds in all the molecules
during the calculation. Thereafter, the fractional surface of the sticking
atom or an adsorb bond is calculated, and the sticking coefficient esti-
mation for each molecule, is calculated by computing the sticking co-
efficient for each site, and having their summation. Tables IV-VIII,
provides. When the Boltzmann probability term of the sites is coupled,
the minute constant effect of temperature on the sticking coefficient
could be observed. For example, the sticking coefficient of Si;Cg) at
2186, 2296, and 2416 K are respectively, 0.0127, 0.0127 and 0.0126.
For SiC(), the coefficients are 0.0211, 0.0211 and 0.0211, for SizCyg
are 0.0081, 0.0081 and 0.0080, and for Si g, 0.0288, 0.0288 and 0.0289
are respectively the values, which validates the claim in the Boltzmann
term, as an approximate constant.

Since crystal growth is dynamic, and there are likely to be two or
more structural changes on the growing substrate before the final
growth termination surface [22], the adsorption energies obtained from
the surface of the 4H — SiC(0001),. substrate are not ideal or applicable
to subsequent growing surfaces/terminations. Considering the fact that
our developed method for deriving the sticking coefficient, defines it as,
the product of the probability of sites, fractional area of sticking, and
Boltzmann term, only the adsorption energy (and temperature) in the
Boltzmann term is a variable due to subsequent growing surface
termination (structural changes). Since 4H-SiC is hexagonal, the hex-
agonality of the surface (Fig. 3 (f) and (g)) is not likely to change, and
therefore, the probability of sites remains the same. Likewise, for the
fractional sticking area, the sticking atoms (be it silicon or carbon) and
sticking bonds (Si-Si, Si-C, or C-C) remains the same (see Table III) as
the growing surface changes in composition and termination. For every
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stage of the structural change in the growing substrate, Tables III and
IV-X can be used as a template to compute the sticking coefficient for a
specific termination, depending on the molecule of interest. One only
has to compute for the adsorption energies of the molecule of interest on
the new termination and compute for the Boltzmann term of individual
sites at a specific temperature, then couple it with the remaining two
terms of the sticking coefficient (probability of sites and fractional
sticking area) for every site and take the overall summation. However, in
the case of the PVT process, high temperature and low-pressure envi-
ronment at the growth’s surface ensure the layered growth behavior.
Surface adsorption is the limited growth process. Thus the sticking co-
efficients considered in this study should be able to cover most scenarios.

The dynamism of the silicon carbide growth on the 4H— SiC(0001).
n-bonded chain (n-BC) substrate, could be predicted via reactive mo-
lecular dynamics simulation using the atom by atom and molecule by
molecule deposition approach. However, there are no available exper-
imental in-situ observations for the growth dynamism and stages of
growth for the 4H — SiC(0001). n-bonded chain (n-BC) substrate to
compare with in the literature. Since it is quite difficult to determine the
sticking coefficient of molecules experimentally, therefore, in order to
validate our results and justify our ab-initio approach, we used our
estimated sticking coefficients as initial values for continuous modeling
in COMSOL MultiPhysics to predict the PVT growth rate using the lateral
interaction reactions reported in the work of A. Abubakar Alao & W. D.-
Hsu [13], while using a similar geometry to that which they reported.
Their calculated rate constants for the intermediate reactions of the
lateral interaction reactions were utilized in predicting the final growth
rate, using the Hertz-Knudsen model for crystal growth simulation. To
make a bit of comparison, we took into consideration parameters such as
seed temperature, growth pressure, source-to-seed distance, and axial
temperature gradient, and our predicted growth rate, when compared to
the experimental/simulated growth of SiC in the PVT process, shows
good agreement as presented in Table XI.

3.8. Si/C ratio

It is worth recalling from the PVT process [13], that lateral interac-
tion reactions occur due to the non-ideal behavior of the sublime species
at increased source to substrate distance and reduced temperature. If the
source to substrate distance is maintained at a reduced length (below the
thermalization distance), in such a way that, sublime molecules only
behave ideally and the lateral interaction reactions cease to occur, then
there will be high Si(g) flux [13], which will make the Si/C ratio deviate
much far from unity. However, if the former configuration is adopted,
lateral interaction reactions will occur, and molecules will have suffi-
cient space/time to diffuse and silicon carbide compounds will be
formed, which might help in maintaining the stoichiometric (Si/C) ratio
close to unity. That is the reason for the study of the kinetics and ther-
modynamics of the lateral interaction reactions in A. Abubakar Alao and
W.-D. Hsu’s investigation [13]. Furthermore, in order to calculate the
Si/C ratio of silicon carbide boule in this configuration, we included Si g
and Si>Cq) (see Fig. 4(e) for geometry) species sticking coefficient aside
from the above growth contributing species, so as to balance the stoi-
chiometry and include each contributor. Therefore, we present their
sticking coefficient results in Tables IX and X (see Supplementary In-
formation Tables S6 and S7 for their energies). The Si/C ratio of the SiC
boule in this configuration is calculated via utilization of the calculated
sticking coefficient of individual growth contributing species in Table IV
through VIII and their reported concentration [13], which was esti-
mated using the Kinetic Monte Carlo approach. Our calculated Si/C
ratio, presented in Fig. 6 (a) and (b), shows a rise in the Si/C ratio on the
substrate and growth region with time, when the Boltzmann term is not
coupled. This rise in Si/C ratio continues to increase until it reaches a
constant Si/C ratio of 2.00, 1.98, and 0.53 at 2186, 2296, and 2416 K
(concentration temperature). When the Boltzmann term is coupled
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(Fig. 6 (b)), the evolution of the Si/C ratio curve with time at 2186 K,
curves inward and converges to 2.00 when the time reaches (10~¢). The
trend for the Si/C ratio evolution with time at 2296 and 2416 K remains
the same (when Boltzmann term is not coupled), and the Si/C ratio
converges to 1.99 and 0.56, respectively.

With or without the Boltzmann term, the Si/C ratio result converges
to the aforementioned. The result moreover, opens a wider horizon to
understanding the effect of furnace geometry design (source to substrate
distance in this case) and system temperature on the type/kind of quality
of crystal that will be grown (deviated Si/C ratio resulting in vacancy/
defects in Si or C). For instance, at a reduced source to substrate distance
where lateral interaction reactions still occur, molecules have sufficient
space/time to diffuse and silicon carbide compounds are formed, and
also bearing in mind that some molecules still collide with the crucible
wall. Then the stoichiometry of the species (Si/C ratio) will be much
closer to unity compared to when placed much farther apart. This im-
plies that, as one reduces the source to substrate distance (alters the
geometry configuration), the Si/C ratio converges “towards” unity. The
concept of source-to-substrate distance reduction can also be viewed
from the perspective of substrate species concentration being propor-
tional to the traveling distance/diffusion time. The concentration of
species on the substrate gradually decreases as the source to substrate
distance is maintained farther apart.

The temperature effect on the Si/C ratio is another factor to be
critical/worried of, as the Si/C ratio is largely dependent on the con-
centration temperature. It is observed from Fig. 6 (a) and (b) that at
reduced temperature, 2186 K, much further from the sublimation tem-
perature of the SiC source, 2700 K [48], the Si/C ratio deviates from
unity. Likewise, as the temperature rises to a higher value, 2296 K (mid
of the growth chamber), before the optimum value, the Si/C ratio is seen
to deviate “away” from unity. At a temperature of 2416 K, immediately
above the charged surface/source region, the Si/C ratio decreases with
time, converges to unity and beyond (then becomes a constant), and the
behavior of the Si/C ratio curve is inverse of the prior mentioned tem-
peratures, and this is justified by the previous works of Ariyawong [49],
JANAF [50], Lilov [51], Rocabois [52,53] and SGPS database [54,55]. It
is reported from their work, that the Si/C ratio will converge and fall
below unity at a temperature of 2400 K and above (temperature around
the charge source), as carbon specie’s sublimation is sustained more at a
higher temperature. It should be borne in mind also, that for
high-quality growth of SiC ingot, not only the Si/C ratio affects
defect/vacancy concentration but temperature as well. The inver-
sion/switch in the behavior of the curve is due to a stoichiometric ratio
change in carbon, as carbon sublimation is sustained at a higher tem-
perature, it dominates silicon (as some silicon becomes liquid), while
silicon dominates at reduced temperature.

4. Conclusion

An ab-initio investigation, on the sticking coefficient of silicon car-
bide growth species on the reconstructed 4H — SiC(0001). n-bonded
chain (n-BC) substrate and their Si/C ratio in thie physical vapor trans-
port (PVT) process have been studied. The C-face of the 4H — SiC(0001)
n-bonded chain surface is the most stable substrate among others, and
the sticking coefficient of smaller growth species, such as SiCg), SiCy(y),
Si(g) and Si>Cy) is superior to those of cluster molecules. Si/C ratio in the
bulk fluid regime is largely dependent on the concentration temperature
and an analysis of the Si/C ratio on the substrate (2186 K) and 2296 K
reveals a non-unity stoichiometric ratio of silicon to carbon, which in-
creases over time, to a constant value. It is observed from the results
that, at distance below the substrate in the bulk flow regime or tem-
perature correspondence, higher temperature fluid regime, the Si/C
ratio tends to approach unity, converge and exceed. This implies that, in
order to decrease the defect concentration (missing carbon atoms) in
grown silicon carbide boule, the source to substrate distance should be
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smaller or shorter than the conventional distance. However, this is not
the absolute solution to defect eradication in silicon carbide boule from
the PVT system, because the source to substrate distance reduction
converges the stoichiometry of Si/C to unity at a higher temperature,
and the 4H — SiC substrate cannot be placed at a higher temperature for
crystal stability (polytype stability). Therefore, it is recommended that
extra carbon sources in the form of graphitized powder be added to the
silicon carbide source, and the kinetics and thermodynamics of the
whole process be revisited.
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