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Classical molecular dynamics simulations are employed to investigate the three-dimensional evolution of stacking faults (SFs), includ-
ing the partial dislocation (PD) loops enclosing them, during growth of 3C-SiC layers on Si(001). It is shown that the evolution of
single PD loops releasing tensile strain during the initial carbonization stage, commonly preceding 3C-SiC deposition, leads to the
formation of experimentally observed V- or A-shaped stacking faults, the key role being played by the differences in the mobilities
between Si- and C-terminated partial dislocation segments. Nucleation in the adjacent planes of PD loops takes place at later stage
of 3C-SiC deposition, when slightly compressive-strain conditions are present. It is shown that such a process very efficiently de-
creases the elastic energy of the 3C-SiC crystal. The maximum energy decrease is obtained via the formation of triple stacking faults
with common boundaries made up by PD loops yielding a zero total Burgers vector. Obtained results explain the experimentally
observed relative abundance of compact microtwin regions in 3C-SiC layers as compared to the other stacking fault related defects.

1 Introduction

Electronic industry is constantly searching for innovation technologies and new materials to be employed
for realization of electronic devices. Silicon has dominated the electronic industry during the last four
decades because of the possibility to implement ever increasing number of elementary devices on a single
chip. This trend is known as the "Moore’s law".[!l Nevertheless, the mentioned possibility is already get-
ting close to its physical limit. Moreover, silicon has a low mobility, low saturation velocity and an indi-
rect band-gap, which are not ideal for some applications. Therefore, a number of sectors in the electronic
industry become interested in use of new semiconductor materials.

Silicon carbide (SiC) is a group IV compound that has gained interest by the electronic industry because
of its high breakdown field (30 x 10° V/cm) and large saturation velocity (2 x 107 cm/s).[? It is found
in different modifications called polytypes. The most attractive for device production are two hexagonal
polytypes, namely 4H-SiC and 6H-SiC, as well as the cubic one, 3C-SiC.

Cubic silicon carbide has a number of advantages over the hexagonal polytypes, such as the reduced phonon
scattering as well as the highest electron mobility and saturated drift velocity.!?! Moreover, 3C-SiC layers
can be heteroepitaxially grown on (100) and (111) Si substrates, enabling direct integration into the Si
technology.[®l At this, however, there is a large difference between the lattice parameters of cubic silicon
carbide and silicon (about 20 % at room temperature, 0.453 nm vs. 0.543 nm, respectively) as well as
their thermal expansion coefficients (about 8%).12l Hence, several types of extended defects, such as dis-
locations, twins and stacking faults (SFs) nucleate at or close to the 3C-SiC/Si interface and propagate
into the 3C-SiC films during both the high temperature deposition and the cooling down stages, driven
by the misfit strain relaxation.*® Such defects hinder the possibility of obtaining high-quality crystalline
3C-SiC on Si substrates, thus reducing drastically its potential applications.

A common strategy to reduce the 3C-SiC and Si lattice misfit strain at the early stage of the Si carbide
epitaxy is the so-called carbonization process, realized by a deposition of carbon-rich precursors onto
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bare Si substrate under hydrogen flux.!®l As a result of this procedure, only some residual strain remains
in the layer, the sign and the magnitude of this strain depend on the deposition parameters.!” In most
cases, carbonization allows to match five SiC unit cells to four Si cells at the 3C-SiC/Si interface via the
formation of an ordered array of edge dislocations.!®! The carbonization step does improve the crystal
quality of 3C-SiC layers, however, it does not reduce the defect density to such an extent to ensure ac-
ceptable layer quality. Specific patterning of Si substrate has been proposed in order to further decrease
the amount of extended defects.* '3 Lower SF densities are observed at the surface of 3C-SiC layers
grown on undulate, " pyramidal-shape,'>16 and pillar-shape patterned substrates. 1% At this, how-
ever, the desired defect level for device performance (102 cm™') has not been reached so far.['719)

The effectiveness of growing techniques and their optimization strictly depend on the understanding of
the evolution mechanisms of SFs and terminating them partial dislocations during deposition. A num-
ber of experimentally observed phenomena related to the SF behavior have not been fully clarified in
literature. In particular, self vanishing of stacking faults has been observed,'? namely the SFs termi-
nated by Si atoms at the surface have been found to be much more abundant and extended than those
exposing C atoms (oriented in perpendicular direction to the former). While qualitative description and
explanations of this phenomenon have been provided,'? the literature is still lacking of a proper three-
dimensional modeling of underlying mechanism.

We notice also that experiments clearly demonstrate an abundance of SFs grouped in two or three adja-
cent {111} planes, whereas single SFs are less frequent.?! A successive nucleation mechanism has been
proposed to explain such evidence,?! consisting in the nucleation of a partial dislocation (PD) loop at
the stage of Si carbonization to release the tensile misfit strain, followed by nucleation of two additional
loops in adjacent planes during the subsequent 3C-SiC deposition stage. As a result, a triple SF (also
called a microtwin) is formed. The boundary of microtwin region is stabilized by a triple dislocation de-
fect formed due to the interaction between the PDs terminating the SFs. This defect has been identified
to be detrimental for the leakage current in 3C-SiC.

In this paper we exploit classical molecular dynamics (MD) to simulate the evolution of large-area SFs
under the typical strain conditions encountered at different stages of 3C-SiC growth. Obtained results
are used to provide an interpretation of the experimental evidences, strengthening the general under-
standing of defect evolution in 3C-SiC. In particular, we first clarify the mechanism resulting in different
extensions and terminations of SFs at the surface. We show that the extension of a SF line at the sur-
face is the consequence of its shape in the 3C-SiC layer bulk. One of two different shapes (A or V' one),
depending on the SF plane, is acquired by the SF during the evolution under tensile strain condition at
the initial stage of Si substrate carbonization. The formation of either shape is conditioned by the dif-
ference in the motion velocities of Si- and C-terminated PD segments enclosing the SF. Then, we follow
the evolution of triple SFs, analyzing their possible structures at different stages of 3C-SiC growth. In
particular, we show that the nucleation of PD loop in the planes adjacent to pre-existing SFs, at the de-
position stage after the carbonization, is able to very efficiently decrease the elastic energy of the 3C-SiC
crystal. The maximum energy decrease is obtained via the formation of triple stacking faults with com-
mon boundaries made up by PD loops yielding a zero total Burgers vector. We finally show the atomic
structures of boundary defects and the shapes of triple SFs, also known as twins.

2 Methods

The evolution of partial dislocations and stacking faults in 3C-SiC was simulated in the framework of
classical molecular dynamics. Simulations were performed by exploiting the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).[??l We employed the Vashishta inter-atomic potential,[?3l which
has some advantages over other empirical potentials fitted on SiC parameters.?* This potential takes

into account the atom interactions beyond the first neighbour shell and, because of that, provides differ-
ent total energies for the hexagonal and the cubic configurations, thus enabling for an estimate of non-
zero SF energies.

All simulations presented below were run in the canonical (NVT) ensemble, using a Nose-Hoover ther-
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mostat.?°! The atomic trajectories were analyzed using the Open Visualization Tool (OVITO) software, 26!
which allows for a very convenient analysis of the results of atomistic simulations, identifying extended
defects in virtual crystals, highlighting SFs and providing dislocation lines along with the associated Burg-
ers vectors.

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 (PBC) were applied in the w and
v directions. To model the effect of a thick bulk substrate below the 3C-SiC layer, the bottom three lay-
ers of the simulation cell were kept fixed to bulk positions. In order to make possible the observation

of the evolution of extended dislocation loops, a large box (38.8 x 38.8 x 26.0 nm?, corresponding to
3’369’528 atoms) was considered.

Dislocation loops were inserted in the simulation cell by shifting each atom by the displacement field
vectors calculated by dislocation modelling in the framework of the linear elasticity theory.?”l The ob-
tained configurations were geometrically optimized using a conjugated gradient minimisation algorithm.
We recall that, for an arbitrary dislocation segment, the field components can be easily calculated rotat-
ing the reference system and decomposing the dislocation Burgers vector into a screw (b)) 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 ¢ axis oriented following the right hand rule, respectively. In this case, the com-
ponents of the displacement field vectors are written as follows:

by ry
uz(z,y,2) = o (arctan(y,:fv) + A=)+ y2)) (1a)
_ by (= 2v)log(a? + ) 22 — o>
Uy(l',]./,Z) - _271' ( 4(1 _ V) 4(1 _ V)($2 + yQ)) (1b>
uy(z,y,2) = 5_|7|r arctan(y, ) (1c)

where v = 0.25 is the Poisson ratio of 3C-SiC. 8] We did not introduce any correction of the displace-
ment field related to the infinite image arrays of dislocation loops created by the periodic boundary con-
ditions along the u and v directions. Each segment of our closed loop has its counterpart with opposite
Burgers vector, therefore they behave like a dislocation dipole together. As a result, the stress induced
by the presence of a dislocation loop decreases faster than in the case of infinite dislocation lines. How-
ever, as the stress normal to the free surface should be zero after system equilibration, the displacement
field components (1a)-(1c) were corrected by adding image dislocation loop in vacuum above the free
surface. 271

For all the simulations presented in this paper the annealing of the systems was performed at the ther-
mostat temperature of 1400 K, corresponding to the typical experimental temperature for 3C-SiC depo-
sition. The integration time step was 1 fs, chosen as the longest possible one to ensure relative energy
conservation to 107° in micro-canonical simulations. Thermal dilation of the 3C-SiC film was taken into
account by scaling the simulation box dimensions. The scaling factor was calculated simulating a 3C-SiC
bulk cell using the Nose-Hoover barostat.

3 Results and discussion

The evolution of SFs in silicon carbide is driven by the strain conditions which can actually change dur-
ing the growth. As mentioned in the Introduction section, carbonization process is commonly used to
reduce the 3C-SiC and Si misfit strain.[® At this very first stage of 3C-SiC epitaxy a tensile strain is
accumulated in the film because of 20% lattice mismatch between SiC and Si. Tensile strain is a well
known source of partial dislocations. Therefore, we expect that SFs nucleate at this stage. In particu-
lar 90° Schockley partials are known to lead the tensile strain relaxation. Carbonization process induces
the reconstruction of the 3C-SiC/Si interface allowing to match five SiC unit cells to four Si cells via the
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3.1 Evolution of SF at the initial stage of the deposition

Figure 1: Classical molecular dynamics simulations snapshots of the evolution of hexagonal partial dislocation loops. Simu-
lations were performed under bi-axial tensile strain at 1400K, computing the atomic interactions using Vashishta potential.
Periodic boundary conditions are applied in x and y directions. Two simulations are analyzed in parallel. On the left (red
cell) the evolution of an HPD loop that lies in a (111) plane is presented. The right panels (blue cell) show the evolution
of an HPD loop lying in a (111) plane. Only stacking faulted atoms (orange), fixed atoms (dark blue) and surface atoms
(light blue) are shown for clarity. Dislocation lines, obtained with OVITO DXA algorithm are displayed as green lines
bounding the SFs. Four snapshots correspond to: initial configurations (a), atomic configurations after 10 ps (b), 20 ps (c)
and 30 ps (d) of simulation time.

formation of an ordered array of edge dislocations.!® Such reconstruction leaves a slightly compressed
3C-SiC layer (at the growth temperature) for the subsequent deposition. As recently pointed out,!?!! this
change in the strain sign between different stages of 3C-SiC layer growth is very important for under-
standing the origin and the characteristics of SFs in epitaxial 3C-SiC.

We divided our results in two subsections in order to follow the strain conditions at different 3C-SiC
growth stages. In the first subsection we illustrate through MD simulations how the experimentally ob-
served shape of a single SF is resulted from the evolution of PD loop under experimental conditions.

In the second subsection we analyse the evolution of the defects presented in the first subsection when
the strain changes its sign.

3.1 Evolution of SF at the initial stage of the deposition

Partial dislocations in zinc-blend crystals have preferential line directions coinciding with equivalent <110>
directions. Stacking faults lie in {111} planes, therefore PDs terminating them have six preferential equiv-
alent <110> directions in each plane. As a consequence, the evolution of a general-case SF can be stud-
ied starting from a closed hexagonal partial dislocation (HPD) loop formed by <110> dislocation seg-
ments enclosing the stacking fault as shown in Figure 1 (a).

Figure 1 shows the results of the MD simulations of two HPD loops evolving under an external applied
bi-axial tensile strain. In the simulations, we considered a strain e,, = ¢,, = 4%. Notice that per-
forming simulations under the actual strain conditions experienced during growth is virtually impossible.
We know that the very initial nominal strain is around 20%. However, simulations under such very high
strain conditions lead to pronounced crystal disordering. Therefore, we have picked a value of strain high
enough to allow us for the observation of HPD loop dynamics in a reasonable computational time.

The simulations shown in the left and the right panels of Figure 1 are identical, except for the glide plane
where the HPD loop is located. On the left (red cell) the evolution of an HPD loop that lies in a (111)
plane is shown, while the right panels (blue cell) show the evolution of an HPD loop lying in a (111)
plane.



WILEY-VCH
3.2 Formation of triple SFs at the deposition stage

We analyze the specific cases of loops releasing the tensile strain at the initial stage of the 3C-SiC growth.
In terms of Burgers vector, the only choice exists for the loop to release such strain, namely when its
Burgers vector forms an angle of 90° with the loop segment parallel to the 3C-SiC/Si substrate interface.
In view of the crystal geometry and non-equivalence of the Si and C species in the 3C-SiC lattice, each
dislocation loop comprises three segments terminated by silicon and three other segments terminated by
carbon atoms. Furthermore, the Burgers vector of the loop always forms an angle 90° with one Si- and
one C-terminated dislocation segment and angles of 30° with the rest of the segments (see for reference
panels (a) and (f) of Figure 2). As shown in Figure 2 (k) and (1), the glide set of 3C-SiC presents dif-
ferent stacking of Si/C mono-layers depending on the considered planes (111) or (111). This results in
the opposite terminations of PD segments of the loops located in these planes.

Under identical conditions of temperature (1400 K) and strain, the two loops expand in a very different
way. The final shape of the stacking fault enclosed by the loop is determined by the relative velocities of
partial dislocation segments. In 3C-SiC, the 90° PDs are faster than 30° PDs.[?*?’l Therefore, the seg-
ments with the Burgers vector perpendicular to the line direction will advance, distorting the dislocation
line and reshaping the loop into a diamond shape (Figure 1 panel (b)). At this point the loop further
expands and the terminating species of PD segments play a key role in the evolution. Experimentally,
silicon terminating dislocations are known to be faster than carbon ones, 332 so they will move through
the SiC with a higher velocity, reaching the 3C-SiC/Si substrate interface or the free surface of the epi-
taxial layer.

The opposite half of the loop expands slowly, and the SF acquires a triangular shape. Further evolution
will continue with a triangular loop-shape until the two C terminating segments finally reach the free
surface or 3C-SiC film/Si substrate interface, respectively. SFs in the (111) and (111) planes have a V-
shape and terminate at the free surface exposing lines of silicon atoms aligned with the [110] direction;
those in the (111) and (111) planes have a A-shape and terminate exposing carbon atoms aligned with
the [110] direction.

A SF terminated with C atoms shows an opposite polarity with respect to the surrounding Si-terminated
surface, whereas a SF terminated with Si does not. Therefore, subsequent deposition will tend to in-
crease the length of Si-terminated SFs and decrease the length of C-terminated SFs.[% As a consequence
the A and V' conformation of SFs are maintained in subsequent SiC growth.

In order to further clarify the HPD evolution observed in MD simulations, Figure 2 (a-e) and (f-j) presents
the sketches of the evolution of the two types of HPD loops, releasing initial tensile strain. The final
shape of the stacking fault enclosed by the loop is determined by the relative velocities of the bounding
partial dislocations. Panels (a-e) correspond to the HPD loop in the (111) and (111) glide planes, while
panels (f-j) represent the loop in the (111) and (111) planes, respectively. These sketches are helpful to
understand the progressive HPD loop evolution towards their final A and V-shape in the two classes of
planes.

3.2 Formation of triple SFs at the deposition stage

Experimental evidences reported in literature show that SFs in 3C-SiC epitaxial layers are mostly com-
posed by three consecutive SF planes, forming twin regions.?’! Such SFs are of particular interest be-
cause they are a potential source of leakage in 3C-SiC, whereas single-plane SFs are not. !l In particular,
the boundaries of these twinned regions are known to introduce states in the 3C-SiC band gap. 2!l

In Ref.?!, a successive nucleation mechanism has been proposed, giving an insight to explain experimen-
tal evidences on the abundance of the triple SF regions. According to the proposed mechanism, initial
PD loop nucleates at the carbonization stage to relax the misfit tensile strain. Two other PD loops nu-
cleate in order to relax the compressive strain at the subsequent stage of the 3C-SiC deposition. The nu-
cleation of the latter PD loops takes place preferentially in the planes adjacent to the former loop, which
leads to the formation of a triple SF (also called a microtwin). This mechanism has been proved by MD
simulations, however, taking into consideration only the evolution of infinitely-long PD loop segments
parallel to the 3C-SiC/Si interface. !l Considering an infinite dislocation line is clearly a limit for under-
standing the formation of triple SFs. Therefore, in this work, we make a generalization by considering
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Figure 2: Diagram of the evolution of hexagonal partial dislocation loops in different glide planes. The evolution of the
loops with Burgers vector <112> under tensile strain conditions is shown. Burgers vectors are displayed as red arrows. In
the top row (a - e) the evolution of loops in the (111) and (111) glide planes (i.e. glide planes parallel to the [110] direc-
tion) is shown. Middle row (f - j) shows the evolution of loops in the (111) and (111) glide planes (i.e. glide planes parallel
to the [110] direction). In the bottom row (k - 1) the reference zinc-blend structure projected in [110] and [110] directions is
presented, relevant glide planes are highlighted by dashed lines.



WILEY-VCH
3.2 Formation of triple SFs at the deposition stage

7x107 3/m?

- 3.5x107 J/m3

i0x107 I/m?3

Y

Figure 3: Elastic energy map near each segment of HPD loops. First column: maps for single HPD loop with different
Burgers vectors, (a) elastic energy map along a loop with bgy = [112]; (e) along a loop with b_3q = [121]; (i) along a
loop with b_150 = [211]. Second to fourth column: maps for combinations of HPD loops in adjacent planes, segments of
different loops are separated by a distance that varies form 1 nm (second column) to 0 nm (fourth column). For different
configurations of HPD loops the difference in loop radii decreases along each row from 2"? to 4" column. (b-d) elastic
energy map for the combination of two loops with bgg; (f-h) combination of two loops with bgg and b_z¢; (j-1) combi-
nation of three loops with bgg, b_39 and b_j5¢, in this case loops with bgg and b_3¢ have the same radius because they
correspond to the stable double HPD loop of panel (h) with bz = [211].

the entire PD loops. Notice that a simulation according to the illustrated mechanism would require to
reproduce nucleation. However, molecular dynamics is not able to model rare events like dislocation loop
nucleation. Therefore we decided to study the possibility of a triple subsequent nucleation event in suc-
cessive planes indirectly, via the analysis of the strain fields created by various HPD loop combinations.
We perform a static and energetic analysis of the typical configurations of three-dimensional HPD loops,
showing their structure and the associated elastic energy. This allows us to identify which PD segments
tend to form common boundaries and which do not. The three-dimensional generalization of the mech-
anism proposed in Ref. ! provides a clear explanation of the formation of triple SFs as a process that
very efficiently relaxes the elastic energy of the system.

In panels (a, e and i) of Figure 3 we show the elastic energy maps near the segments of HPD loops,
each of them characterized by one of the three possible Burgers vectors. For easy reading, each HPD
loop is identified by referring to its Burgers vector and the angle between the latter and the HPD loop
segment parallel to the 3C-SiC/Si interface (i.e. bgy = [112], b_3p = [121], b_150 = [211]). The reference
directions are y = [110], z = [112] and z = [111]. They correspond to (y) an arbitrary dislocation line
direction in the (001) plane, (z) the perpendicular direction inside the glide plane and (z) the direction
normal to loop plane, respectively.

The initial tensile strain can be reduced by the HPD loop shown in Figure 3 (a), while a compressive
strain can be released by the two loops in Figure 3 (e, i). Let’s consider first the hypothesis of a dou-
ble SF originated from two HPD loop with the same Burgers vector by (i.e. both nucleated under ten-
sile strain conditions as proposed in Ref.[*¥). Panels (b-d) of Figure 3 show how the elastic energy in-
creases as the segments of the two loops become close each to other. In effect their strain fields overlap
so that the compressed/dilated regions near each segment become superimposed, dramatically increasing
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Figure 4: Elastic energy of three combinations of HPD loops as a function of the difference between the loop radii: red
bars represent the elastic energy of two HPD loops in adjacent planes, both loops having bgg; green bars show the elastic
energy of two HPD loops in adjacent planes, one with bgg, the other with b_3g; blue bars correspond to the elastic energy
of three HPD loops in adjacent planes, one with bgg, one with b_s3q (with the same radius), one with b_;50.

the elastic energy (panel (d)). As a consequence, the formation of a multiple SF by identical PD loops
in adjacent planes turns out to be unfavorable. Moreover, no common boundary of such multiple SF is
possible as the bounding PDs would not overlap, because for them it’s energetically favorable to remain
separated.

The situation is different when the second loop has different Burgers vector, such as b_3q or b_;59, and
relaxes a compressive strain. As demonstrated in Ref.!?!| once the strain is changed after the carboniza-
tion step, the nucleation of loops with the mentioned Burgers vectors is enhanced, especially in the planes
adjacent to the first SF. In this case the interaction between the SF boundaries is attractive,®! as shown
in Figure 3 (f-h) for loops with bgy and b_35. The elastic energy decreases as the segments of the two
loops approach each other. The most favorable configuration is when all the segments join together, form-
ing a double SF and an HPD loop with Burgers vector bzy = [211], the sum of the ones of the two HPD
loops. For these segments it is energetically favorable to lock into a single defect. This explains why a
unique boundary is observed around multiple SFs instead of separated PD segments.[3>36 The differ-
ence in this latter case from the case of two loops with the same Burgers vectors considered above is
that compressed regions near each segment overlap with the dilated regions of the other loop and vice-
versa. The enhancement is stronger if the two loops are situated in adjacent planes, because the com-
pression/dilation is stronger in the equatorial plane of the loop.

The HPD loop surrounding the double SF shown in panel (h) of Figure 3 has a Burgers vector which is
exactly the opposite to the other suitable choice for Burgers vector for single HPD loop to release com-
pressive strain (bgp and b_q59, respectively). A triple SF can be formed if the latter HPD loop nucleates
in a plane adjacent to the double SF, therefore it is of particular interest to analyze such loop interac-
tion. Panels (j-1) of Figure 3 show how the elastic energy decreases as the segments of the two loops be-
come closer. The elastic energy is dramatically reduced when all the segments meet. Therefore, forma-
tion of the triple SF with a sharp boundary according to the discussed mechanism is energetically favor-
able.

The elastic energy for configurations shown in panels (b-d, f-h, j-1) of Figure 3 is shown in Figure 4.
The elastic energy is plotted as a function of the difference between the loop radii. In Figure 4, the dif-
ference of the loop radii decreases in each row from 2"¢ to 4" column. In the case of two HPD loops
with the same Burgers vector (red bars, "double loop A" in Figure 4), the elastic energy increases when
the loop segments approach. The elastic energy decreases only in the case of HPD loops with different
Burgers vectors (green bars, "double loop B" in Figure 4) and is dramatically reduced in the case of three
loops with three different Burgers vectors (blue bars, "triple loop" in Figure 4).

Obtained results enable us to summarize the mechanism of the formation of triple stacking faults dur-
ing growth of 3C-SiC layers as follows. First, an HPD loop releasing the tensile strain nucleates during
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stage of carbonization. Once the strain has changed to compressive one at the 3C-SiC deposition stage,
an HPD loop releasing such strain nucleates in one of the adjacent planes of already existing SF. Finally,
a third HPD loop also releasing compressive strain and having Burgers vector opposite to the one of the
existing double SF, nucleate in the other adjacent plane, eventually forming a micro-twin. In view of our
results, the most favorable evolution of later generated SFs is to expand so to form a unique, common
dislocation boundary with already existing SFs. The boundary of single HPD loops nucleated under ten-
sile strain conditions will acquire the A- or V-shape, as demonstrated in the Section 3.1. It is reasonable
to suppose therefore that the boundary of the multiple SFs will acquire the same shapes. The nucleation
of HPD loops under compressive strain condition at the stage of 3C-SiC deposition makes the difference,
transforming single SFs into multiple SFs and stabilizing them.

In Figure 5 we illustrate three-dimensional views of the A- and V-shape structure of triple stacking
faults formed in two classes of glide planes considered here. These structures have been obtained insert-
ing three trapezoidal PD loops in three adjacent glide planes followed by geometrical optimization of
structure with a conjugated gradient algorithm using the Vashishta potential. The central PD in each
structure has a Burgers vector corresponding to relaxation of tensile strain. The dislocation boundaries
of the other two SFs that sandwich the middle one have two different Burgers vectors corresponding to
the compressive strain relaxation. The boundary dislocation defects of these two triple SFs are displayed
in the circular insets of the Figure 5. Atomic configurations of these defects are of particular interest be-
cause some of them may introduce states in the 3C-SiC band gap,?!! being therefore the source of the
leakage currents in epitaxially grown 3C-SiC layers.

4 Conclusions

In this paper we have analyzed the formation of the shapes of single stacking faults in epitaxial 3C-SiC
layers on Si substrates. Via molecular dynamics simulations, we have shown for the first time the three-
dimensional evolution of PD loops enclosing the SFs.

The stress field present in the layer due to the lattice mismatch with the substrate, drives the increase
of the loop radius in order to increase the size of relaxed region in the system. Loop segments close to
the interface are forced to reach it and to deposit a misfit segment while the segments near the surface
are attracted to it and expelled, allowing the loop to transform in a semi-loop. The exact shape acquired
by the loop is determined by relative segment velocities. Silicon-terminated PDs are faster than carbon-
terminated ones and 90° PDs are faster than 30° ones. Because of the difference in terminating species
of the loop segments between the upper- and lower-half of the loop, the loop acquires a V- or A-shape,
when the faster Si-terminated segments reach the 3C-SiC free surface or the 3C-SiC/Si interface, respec-
tively. As a result, V-shaped SFs appear whenever the the core element of the dislocation segment near
the interface is C and A-shaped SFs appear when that terminating specie is silicon. The correspondence
with the experimental results is evident,'? and the simulations highlight how crucial is the concurrence
in the expansion velocities.

Moreover, taking into account our previous studies, we propose the mechanism to explain the abundance
of triple SF in 3C-SiC layers observed experimentally. It has been demonstrated in our previous publica-
tion, 2! that successive nucleation mechanism can explain the experimental evidence of an abundance of
multiple SF in 3C-SiC, in particular for thick films.?°! However, this mechanism was described only for
infinite, straight dislocation lines. In this work, we have extended this mechanism to a more general case
of hexagonal partial dislocation loops. Elastic energy maps were provided, illustrating the strong inter-
action between the PD segments delimiting SFs. Our analysis confirms that the most probable mech-
anism for the formation of multiple SFs is that they originate only in the vicinity of pre-existing SFs,
which have nucleated to release misfit tensile strain. The most convenient path for generating multiple
SFs is to nucleate PD loops able to relax a compressive strain, which is possible only in a different stage
of the 3C-SiC growth with respect to the stage when the nucleation of single SFs happened. A direct im-
plication is that multiple SFs would acquire the shape of the pre-existing SF in this case. Our interpre-
tation is fully supported by experimental evidences.!'? Finally, we propose the minimum energy config-
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Figure 5: Shape and terminations of triple SFs. Top: SF shape in the (111) and (111) planes; Bottom: SF shape in the
(111) and (111) planes. The dislocation line is colored in red. In the circles the core structures projected on the planes
perpendicular to the line direction are highlighted. Core atoms are colored to indicate the Burgers vector of the dislocation
in the respective plane: each color correspond to a different Burgers vector, with the same nomenclature of Figure 3. Blue
sticks and atoms correspond to zinc-blend structure, orange ones to wurzite structure. Lighter hues are used in the defect

surroundings
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urations for the triple SFs (twin) in the V- and A- shape, providing the core structure of their boundary
segments.

The first set of results about the single-dislocation loop can help in the optimization of the deposition of
3C-SiC layers on patterned Si substrates allowing to set up a strategy to enhance SF annihilation. The
second set of results may be used for following-on analysis of the impact of dislocation complexes on the
electronic properties of the 3C-SiC layers. As demonstrated in Ref.[?!l, the knowledge of the specific core
structures is required for superior ab initio calculations of their electronic properties, therefore, our re-
sults provide the input for such calculations.
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The paper deals with molecular dynamics simulations of the three-dimensional evolution of stacking faults enclosed by
partial dislocation loops, at different stages of the epitaxial growth of 3C-SiC layers on Si substrates. The mechanisms of
stacking fault shaping as well as preferential formation of twin regions made up by three stacking faults lying in consecu-
tive lattice planes, are revealed.




