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Evolution and Intersection of Extended Defects and
Stacking Faults in 3C-SiC Layers on Si (001) Substrates
by Molecular Dynamics Simulations: The Forest

Dislocation Case

Luca Barbisan, Emilio Scalise, and Anna Marzegalli*

The crossing of stacking faults (SFs) (namely dislocation forests) in 3C-SiC is
experimentally probed to cause detrimental effects on the electronic properties of
the layer. By means of classical molecular dynamics simulations, for the first time
the evolution of two crossing partial dislocation loops is shown, revealing the
mechanism that leads to the formation of a complex defect at their intersection.
The obtained atomistic structure is then further refined by ab initio calculations, to
revealing that this defect does not cause defect states within the gap of the
pristine material. The case of the intersection of two double-dislocation loops,
that is, involving double SFs, in the hypothesis that the evolution follows the
same mechanism found for single-dislocation loops is also investigated. Contrary
to the single-plane intersection, the simulations reveal that the junction formed
by double-dislocation loops does cause intragap states, thus suggesting
detrimental effects on the electronic properties of the 3C-SiC layers.

1. Introduction

Cubic silicon carbide (3C-SiC) is one of the most suitable mate-
rials for innovation in high-power and high-frequency electronic
device industries,'™ due to its unique physical and chemical
properties. In particular, 3C-SiC combines a large bandgap value
(2.35 eV),! high bulk and channel electron mobility (up to 1000
and 250 cm? Vs™?, respectively),”® and low trap density at the
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3C-SiC/SiO, interfaces of the metal-
oxide-semiconductor

structures.””’ The importance of the mate-
rial is also highlighted by the prediction
on the relative device market rising, that
is, an increase at a compound annual
growth rate of 30%, from $225m in 2019
more than $25bn in 2025.1"
Nowadays, a technique able to obtain a
large-area bulk 3C-SiC material is still lack-
ing and the epitaxial deposition of cubic sil-
icon carbide on Si substrate is mostly used.
On the one hand, this allows the direct inte-
gration of 3C-SiC in Si technology.'’! On
the other hand, SiC epilayers suffer from
quality issues due to the structural differen-
ces between the two materials. Indeed,
their lattice parameters differ by about
20% at room temperature and their ther-
mal expansion coefficients of about 8%.®! Consequently, several
types of defects, such as dislocations, twins, antiphase bound-
aries (APBs), and stacking faults (SFs), nucleate in the SiC epi-
layer to relax the misfit and thermal strain during deposition than
cooling down."?3 A high density of these defects hinders the
possible practical use of 3C-SiC epilayers having detrimental
effects on the performance of devices, particularly on the leakage
current and breakdown electric field."*2" Attempts for defect
reduction, such as growth on misoriented and patterned sub-
strates,'”2*?* lead to the conclusion that SFs, different from
the other kinds of defects, cannot be completely eliminated
due to their continuous generation during growth>>~2"! and that
their presence, even in the low densities achieved (of the order of
10*cm™),”®% has a detrimental impact on the electrical-layer
properties.'*213%933 However, it is an open question as to
whether the SFs per se are responsible for the detrimental leak-
age currents because they are theoretically predicted to introduce
no midgap electronic states in the 3C-SiC phase.>***! SFs are
unavoidably associated with partial dislocations, bounding them.
In the study by Scalise et al.,”® it has been demonstrated via an
ab initio calculation that partial dislocation complexes terminat-
ing multiple SFs cause the appearance of defect states filling the
bandgap of 3C-SiC. Moreover, partial dislocations drive the
nucleation and enlargement of the faulted planes, inducing their
shape,*7) and several defect configurations were observed
experimentally to be caused by the dislocation interaction.**>!
It has been proposed that a high density of crossing SFs
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(called dislocation forests) can have a detrimental impact on the
electronic properties of the 3C-SiC epilayer,’?® so that they could
be considered as killer defects in 3C-SiC together with the dislo-
cation complexes.?®! Although dislocation forests are naturally
present in 3C-SiC layers on Si substrates because of the elevated
SF densities, a specific theoretical analysis on these defects is still
lacking, neither on their formation mechanism, nor on their
structure, and nor on their electronic properties. Our work con-
tributes to filling this gap.

In this article, a multiscale approach combining classical
molecular dynamics (MD) simulations and ab initio calculations
has been used to study the crossing of SFs in 3C-SiC epitaxial
layers. The two methods resulted to be complementary in the
description of the formation of defective complexes and the
identification of the corresponding impact on the quality of
the material in terms of electronic performances. We show that
the imaging of two crossing SFs has to be interpreted as the
result of the intersection of two adjacent partial dislocation loops
that open along the same (110) direction in two different {111}
planes. Indeed, under tensile strain, they can intersect and
continue their motion, giving rise to a new line defect at their
crossing point. Actually, the two SFs intersect and continue to
expand, while the partial dislocations bounding them remain
first pinned at the crossing point, change their line directions,
and give rise to the formation of the new defect after depinning.
The defect structure corresponds to the deposition of four 90°
dislocation segments above and below the two SFs. Ab initio
calculations demonstrate that defect states in the middle of
the bandgap appear if the crossing SFs consist of multiple planes,
as in the case of the dislocation complexes terminating multiple-
dislocation loops.

2. Computational Methods

We conducted classical MD simulations using the software
large-scale atomic/molecular massively parallel simulator
(LAMMPS)*?  and  Vashishta interatomic  potential.*
Vashishta potential has some advantages over other empirical
potentials for silicon carbidel*?: this potential considers the atom
interactions beyond the first-neighbor shells; therefore, different
total energies for the hexagonal and the cubic configurations are
provided, thus enabling for an estimate of nonzero SF energies.
The simulations are performed in the canonical (i.e., the number
of particles, the volume, and the temperature are constant, NVT)
ensemble, using a Nose—Hoover thermostat.¥] The atomic
trajectories were analyzed using the open visualization tool
(OVITO) software,*! which identifies extended defects in virtual
crystals, highlighting SFs and dislocation lines along with the
associated Burgers vector. Orthogonal simulation cells, oriented
along the directions determined by the vectors u = a/2[110],
v = a/2[110], and w = a[100], were used, and periodic boundary
conditions (PBCs) were applied in the u and v directions. The
bottom three layers in the simulation cell were fixed at the atomic
position of the bulk, to model the effect of the Si substrate
below the 3C-SiC layer. A large box (38.8 x 38.8 x 26.0 nm®
corresponding to 3'456’000 atoms) was needed to analyze the
evolution and interaction of multiple dislocations.
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Dislocation loops were inserted in the simulation cell by
shifting each atom according to the displacement field vectors
calculated by the dislocation theory in the framework of the linear
elasticity theory.[**) The obtained configurations were geometri-
cally optimized using a conjugated gradient minimization algo-
rithm. For an arbitrary dislocation segment, the field
components can be calculated by rotating the reference system
and decomposing the dislocation Burgers vector into a screw (by)
and an edge component (b, ). At this, Z axis has to be oriented
along the dislocation line &, ¥ axis perpendicular to £ in the glide
plane, and y axis oriented following the right-hand rule,
respectively. In this case, the components of the displacement
field vectors turn to be the following:

-

b
u,(x,y,2) = i (arctan(Yr x) + m) .

by ((1—20)log(x* 4 y?) x* —y?
winna =3 (T e )
)
u,(x,y,2) = %arctan(y, x) (3)

where v is the Poisson ratio of 3C-SiC.*! To insert a hexagonal
loop, one has to divide the space in six regions. In each region,
the displacement field due to the presence of a dislocation seg-
ment can be calculated by rotating the reference frame according
to the segment direction and glide plane and exploiting
Equation (1)—(3). Then, the total displacement can be obtained
as a sum of the displacement fields of the six segments.
Notice that the displacement field components (1)—(3) have to
be corrected to have the stress normal to the free surface equal
to zero after system equilibration. This has been done by adding
an image dislocation loop in the vacuum above the free sur-
face.*! The annealing of the systems was carried out at the ther-
mostat temperature of 1400 K, corresponding to the typical
experimental temperature for 3C-SiC deposition. The integration
time step was 1fs. Moreover, we scaled the simulation box
dimensions by afactor calculated using the Nose—-Hoover
barostat, to avoid the presence of residual strain due to the
thermal dilation of the layer.

The electronic structure calculations are based on density
functional theory (DFT) and exploit the recently developed non-
empirical strongly constrained and appropriately normed
(SCAN) meta- generalized-gradient approximation (GGA) func-
tionals,*”! as implemented in the Quantum Espresso package.!*®
This allows to improve the prediction of the bulk SiC bandgap
(~1.9 eV) as compared with the value of about 1.35 eV obtained
by GGA.P® The atomistic models obtained by the classical MD
calculations were used as inputs for the DFT calculations, after
scaling the supercells’ size to match the lattice parameters of bulk
3C-SiC.*! These were obtained by using GGA exchange-
correlation potentials®® and accounting the van der Waals inter-
action by the semiempirical method of Grimme (DFT-D2).°"
Within the projector-augmented wave (PAW) method,*? a
planewave cutoff energy of 80 Ry was used for ionic relaxations.
The cutoff for the atomic forces was set to 10~ *Ry/Bohr,
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exploiting a conjugate gradient method and a 1x4x1
Monkhorst-Pack grid for sampling the Brillouin of the
supercells.

The supercells have been constructed by replicating 16 x 2 x 4
times the unitary slab of the zinc-blende structure with the x axis
aligned along the (112) crystallographic direction, y along the
(110) direction, and the z along the (111) direction, resulting
in 768 atoms. The final structure has been fit into an orthogonal
4.26 x 0.62 x 3.2nm*> box. Then, multiple straight partial
dislocations were inserted by shifting the atoms in the cell
and considering the displacement fields (Equation (1)—(3)).
The cell edges have been tilted in the xy and xz directions to
avoid internal stress and force the SFs to satisfy PBCs. The result-
ing skew simulation cells have the following nonorthogonal base
vectors (in nm): a= (4.34,0.00,0.00); b = (0.00,0.61,0.00);
c=(—1.12,0.10,2.97) for the skew cell with the crossing of
double SF, and a= (4.21,0.00,0.00);b = (0.00,0.61,0.00);
c = (—0.78,0.00,3.04) for the skew cell with the crossing of
a single SF.

3. Results and Discussion

Looking at the interaction between SFs, several structural config-
urations can be probed.””*”*) In particular, it has been sug-
gested that forest dislocations lead to deleterious effects in the
electronic properties of the layer,””] but a study of the atomistic
structure of these defects and its relative electronic properties is
still lacking.

In this section, we present novel results on the dislocation
forest divided in two sections: in the first one, we show MD
simulations of the evolution of crossing loops, leading to the
formation of a dislocation forest, and in the second, atomistic
details of the complex defect thus formed are presented, and
their relative electronic states obtained by ab initio calculations
are discussed.

3.1. Evolution of Crossing SFs and Formation of Dislocation
Forest

Forest dislocations are complex defects that form at the intersec-
tion of the two expanding dislocation loops whose threading
arms cross each other. Due to the mismatch with the substrate,
the cubic SiC layer is in a tensile state in the first deposition
stage. In this case, 90° partial dislocations parallel to the interface
are known to take part in strain relaxation,3!] creating SFs within
the layer. Notice that partial dislocations are formed by the
dissociation of perfect dislocations with 1(110) Burgers vector.
The dissociation lowers the dislocation energy, replacing the
perfect dislocation with a pair of glissile Shockley partial disloca-
tions, with Burgers vectors ¢ (112) and an SF between them.
Such a process is favored when the dislocations are placed in
narrowly spaced {111} planes (i.e., in the glide set). Indeed
for dislocation in the shuffle set (in widely spaced {111} planes),
the shear needed for dissociation produces SF of very high
energy.?!

Following the procedure described in the previous section, we
construct in our cell two dislocation loops in the glide set with
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Burgers vector b =£[112] and b = £[112], lying on (111) and
(111) planes, respectively. Loops are placed consecutively, one
close to the other with the segment parallel to the interface along
the same [110] direction. Being the loop constituted by partial
dislocation segments in its internal part, SF is present. Such
an initial configuration is shown in (a) of Figure 1. Loops have
initially a hexagonal shape due to the fact that the preferred
dislocation lines in the zinc-blende structure are (110) in type,
so that six favored dislocation segments are present on each
{111} plane. Consequently, dislocation segments that are not par-
allel to the interface turn out to be 30° partial dislocations.
Immediately the evolution computed by MD changes the loop
shape, making them more rounded (see also the study by
Barbisan*’)). We applied a tensile strain of 4% in the cell.
The value of such strain is set to be sufficient to observe the
loops’ evolution in a reasonable computational time but not
too high so as to prevent disorder in the cell (as shown in
ref. [37]). Indeed, the main part of the relaxation of the initial
20% misfit strain in the layer is known to be done by an array
of Lomer dislocations formed in the first deposited layers as a
structural reconstruction directly at the interface.*” So, it is
impossible to correctly estimate the real strain acting in the loop
opening being dependent on the local formation of Lomer dis-
locations. The two loops expand, as shown in (b), driving two
threading arms one close to the other at a simulation time of
15 ps. When they reach, a junction is developed, as shown in
Figure 1d, by an enlarged image of the crossing configuration.
Upon further evolution, we can observe that the dislocations
do not cross the SF plane of the encountered loop. Instead, each
threading dislocation remains pinned at the junction point,
changes locally the dislocation line direction, and deposits two
segments parallel to the interface, as shown in Figure le, where
the threading arms are colored differently (light blue and red) to
clarify the mechanism. Then, threading dislocations further
move apart via a depinning process and leave a complex line
defect along the junction. The visualization program OVITO can-
not resolve it; therefore, a white cylinder is drawn in the simula-
tion. However, the resolved defect structure can be easily
analyzed Dby cutting a slice along the intersection line (white cyl-
inder) and looking along those lines shown in Figure 2a. Clearly,
forming the junction, the threading arms change their direction,
also changing the angle between Burgers vector and the disloca-
tion lines, that is, the dislocation type. Each segment becomes a
90° dislocation, as all the segments parallel to the interface. As a
consequence, the new complex defect developed, namely, the for-
est dislocations, turns out to be formed by four adjacent 90° dis-
locations and two SFs, as shown in Figure 2b. The four composing
90° dislocation cores are highlighted in red in (c—f) of Figure 2.

In the study by Nagasawa et al.,[*®! it is clearly shown that the
majority of SFs near the interface of 3C-SiC layers on Si(001)
substrates turns out to be multiple-plane SFs. In the study by
Scalise et al.,*® a mechanism for the formation of double and
triple SFs via the gliding of adjacent Shockley partials is pro-
posed. It is validated by MD simulations of the evolution of only
the segments parallel to the interface. It is almost impossible to
follow the evolution of the entire multiple loops in three
dimensions in reasonable computational time. However, it
can be supposed that also multiple SFs can intersect each other,
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Figure 1. Dislocation forest formation mechanism. Orange atoms belong to the SFs and in green are drawn the dislocation lines. Atoms with a pristine
zinc-blende structure are not displayed for clarity. a) Initial configuration for MD simulations (one {111} habit plane of one loop is highlighted together
with the surface and interface); b,c) snapshots of the loop evolution after 15 and 25 ps, computed by MD, showing their intersection; d) enlargement view
of the pinning point at the simulation time of 15 ps, that is, the initial crossing; e) enlargement view of the junction formation in its initial stages at the
simulation time of 17 ps (the two different threading dislocations are colored in light blue and red); f) junction configuration developed at the simulation
time of 20 ps after threading dislocation depinning.

AT Y
YT

Figure 2. Analysis of the junction structure. a) View of the cut plane considered (light blue atoms are in the perfect cubic lattice, orange atoms belong to
SFs, in green are the dislocation lines); b) the projected view in (110) direction of the junction structure (white and colored atoms, except for orange and
light blue, do not belong to any recognized crystal structure); c—f) zoomed images of the junction core and atoms highlighted in red can be associated
with the four 90° dislocation segment cores.

as illustrated earlier (Figure 1) for the single loop. In particular,
double SFs are composed of adjacent 30° and 90° partial loops,
forming a defect with the 30° total Burgers vector, and therefore
it can further evolve. In contrast, triple SFs have a null total
Burgers vector, so they do not move and their intersection is
statistically less probable.l*®
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In analogy with the mechanism found by simulation for single
loops, we constructed in a periodic cell the complex defect that
should appear at the intersection of double SFs. It is shown in
Figure 3a. Notice that the cell is tilted to recover full periodicity.
Eight partial dislocation segments parallel to the interface are
inserted in the cell, 30° and 90° in type. The procedure was
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Figure 3. Structure of the junction developed by two crossing double SFs. a) View of the structure constructed in a periodic cell; b,c) double-dislocation
segments inserted in the cell in (a) due to the depinning of one of the threading of the double loop (like light blue in Figure Te); d,e) double-dislocation
segments inserted in the cell in (a) due to the depinning of the other threading (like red in Figure 1e). On each side of the dislocation complex that binds
the SF, the (111) and (117) planes are labeled using the Ramsdell notation (e.g., ...aABBYC...).

illustrated by showing the four different double-partial disloca-
tions inserted in the four panels on the right. In each one of
the panels (b-d), we labeled the (111) and (111) planes in terms
of a, A, B, B, v, and C monolayers, following the Ramsdell nota-
tion.” Such a notation is useful to analyze the stacking order
change in the formation process of the junction structure shown
in Figure 3. Red atoms belong to 90° partial dislocation cores,
while green and pink atoms to 30° partial dislocation and are
antiparallel in the screw component. Each double dislocation
shown in each panel corresponds to one of the two segments
deposited in the junction by one of the crossing threading arms
of the double loop after depinning. (b) and (c) show the segments
relative to the threading arms traveling in a (111) plane (equiva-
lent to the red one in Figure 2) and (d) and (e) to the threadings
traveling in the (111) plane (equivalent to the light-blue one in
Figure 2). The former threadings change the conventional
cycling stacking order (...aABByC...) into the anticyclic one
(...yCBBaA...) for four consecutive (111) monolayers ((b)
and (c)), and the latter threading does the same for four conse-
cutive (111) monolayers ((d) and (e)). The cell was then relaxed by
a conjugated gradient procedure using Vashista potential.

The realistic atomistic structures of forest dislocations are
established; we used them in a superior abinitio calculation
to further relax the structure and analyze their electronic
properties.

3.2. Electronic Properties of Dislocation Forests

The electronic density of states (DOS) calculated for an intersec-
tion between the single loop is shown in Figure 4. The simulation
cell has been built periodically, inserting the structure of the
junction obtained by classical MD simulations, developed by
two crossing double SFs shown in Figure 3, to facilitate the
DFT calculations. An ionic relaxation has been performed by
DFT. Then, the DOS was calculated and integrated inside 20
slices of the cell and plotted as a function of the energy (with
respect to the calculated Fermi energy) and its intensity, whose
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color scale is also shown in Figure 4. The integrated DOS in each
slice is plotted along one of the directions of the cell, and specifi-
cally the horizontal one is shown in the corresponding atomistic
model of Figure 4. This approach may help to identify possible
defective electronic states in the bandgap of the material and
localize them within a real space region in the crystal cell model.
The calculated DOS shows quite clearly that the single SF does
not introduce any relevant electronic state in the bandgap of the
3C-SiC. In fact, far from the central region plotted in Figure 4,

DOS (arb. unit)

Cell position

Figure 4. Electronic DOS (integrated in boxes) for the intersection
between single loops, whose atomistic model is illustrated in the top
graph. A central slice of the simulated cell, centered at the crossing point,
is marked by dotted lines and also highlights the corresponding position in
the DOS plot. The colors of the atomistic structure agree with the previous
images.
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DOS (arb. unit)

Cell position

Figure 5. Electronic DOS (integrated in boxes) for the intersection
between double SFs, whose atomistic model is illustrated in the top graph.
A central slice of the simulated cell, centered at the crossing point, is
marked by dotted lines and also highlights the corresponding position
in the DOS plot. The colors of the atomistic structure agree with the
previous images.

the bandgap is very close to our predicted gap for bulk 3C-SiC
(of about 1.9 €V), in agreement with our previous findings.>®
In the central region of the cell modeled, corresponding to
the intersection zone between the two SFs, a few states appear,
close to the valence band edge. However, these states may be
identified as very shallow states, similar to the states found
for the dislocation complex terminating the single SFs.*®
Thus, they should not be very detrimental for the devices.

The same approach has been used to investigate the electronic
properties of the intersection between two double SFs. Contrary
to the single-loop case, the DOS of the intersection between dou-
ble SFs, illustrated in Figure 5, shows several defects states with
the bandgap of the pristine material. These intragap states are in
energy just a few hundreds of meV one from each other and spa-
tially very localized at the intersection point. Thus, their impact
on the electronic transport and particularly on the leakage cur-
rent into the device may be marked, as also already shown for
the dislocation complexes terminating the double SFs.*®! A
deeper analysis on the physical origin of these intragap states
needs a further and specific study, which is out of the scope
of this article, but few important points may be highlighted here.
The two states above the Fermi level and well below the conduc-
tion band edge are induced by the dangling bonds of C atoms
close to the intersection point. In our previous work,**! we have
found that typically C—C bonds involved in the reconstruction of
the dislocation core are not responsible for deep intragap states,
but we see here that the C dangling bonds act differently. In fact,
by pushing closer the two C atoms, each with a dangling bond in
the atomic structure of Figure 5, a new reconstruction is formed
after ionic relaxation. A comparison between the two structures
revealed that the induced C—C bond is very stretched and thus
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less stable (proved by an higher total energy of the simulated cell)
than the structure shown in Figure 5 and including the dangling
bonds. However, the two intragap states above the Fermi level
disappear when the C—C bond is formed, but the other intragap
states below the Fermi level remain unaffected. Note that the
discrete states that we are commenting here are very likely
single-dispersive states if plotted along the k-space, as already
shown for the dislocation complexes.*®! Note also that our analy-
sis does not include charged defects; thus, further analysis is
necessary to study exhaustively the stability of these structures
and understand how this may impact on the defect states.
Nevertheless, the appearance of the intragap states below the
Fermi level in both the different recontractions simulated
suggests that they are unaffected by the specific reconstructions
that may be formed at the intersection of the two double SFs.
Therefore, they are very likely to cause detrimental effects on
the performance of the SiC devices, in analogy with the
dislocation complexes terminating double and triple SFs.*®!

4, Conclusion

MD simulations were performed to reveal the atomistic behavior
at the crossing point of two adjacent partial dislocation loops that
open along the same (110) direction in two different {111}
planes. A pinning—depinning process is activated, leading to
the formation of a complex junction defect formed by four close
90° dislocation segments parallel to each other. Such a configu-
ration has been analyzed and associated with the so-called dislo-
cation forest. Moreover, superior ab initio calculations showed
that the resulting structure of the junction does not cause defect
states in the electronic bandgap of the material. In contrast, sup-
posing that the same mechanism is activated also at the intersec-
tion of double-plane dislocation loops (hence double-plane SFs),
we constructed another complex defect formed by 30° and 90°
parallel and close-dislocation segments. The DOS calculated
for this junction of double-dislocation loops reveals several
intragap defect states, which are very likely detrimental to the
properties of the devices. To our knowledge, this work is the first
attempt to model the atomistic-level forest dislocations and
predict their impact on the electronic properties of the material.
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