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Impact of Inversion Domain Boundaries on the Electronic

Properties of 3C-SiC

Emilio Scalise,* Massimo Zimbone, and Anna Marzegalli

Inversion domain boundaries are extended defects affecting cubic silicon carbide
(3C-SiC) layers grown on the on-axis (001) Si wafers. Their impact on the device
performance is still debated and a clear connection to their electronic properties
at the atomistic scale is still missing. By comparing the first-principles atomistic
models and scanning transmission electron microscopy imaging, the most

relevant structures of inversion domain boundaries laying both in the {110} and
{111} planes are identified. Their calculated electronic structures shed light on
the relevance that these extended defects may have in the degradation of the

performances of the 3C-SiC devices.

1. Introduction

Extended defects may have a crucial impact on the electronic
properties of semiconductors and have been often ascribed as the
main cause of poor electronic properties of the cubic silicon carbide
(3C-SiC) layers grown on silicon substrates,"™ possibly causing
high leakage current and consequently hindering the use of this
SiC polytype for high-power and high-frequency electronics.
However, very little is known about the atomic and electronic struc-
ture of the various extended defects in 3C-SiC and most of the exper-
imental investigations are not exhaustive in identifying the killer
defects for electronics devices and in clarifying their specific impact
on the electronic properties of the material. In our previous work!?
we exploited a multiscale atomistic approach to investigate one of the
main defects affecting the epitaxial 3C-SiC layers, i.e., the stacking
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faults (SFs) and in particular focusing on their
terminations, so-called dislocation complexes,
and revealing that most of them introduce
intra-gap states, almost completely filling
the electronic bandgap of the 3C-SiC.

Another important class of extended
defect that can be found in the epitaxial layer
of 3C-SiC is the inversion domain bound-
aries (IDBs), which have been also sus-
pected to have a very detrimental effect on
the electronic properties of 3C-SiC.*! In
principle, IDBs can be eliminated by orient-
ing the specific polar face of 3C-SiC along a
particular direction.””! Still, understanding
their electronic structure is crucial to identify the specific defects
degrading the device performance and yield, targeting the efforts
to improve the growth process of the 3C-SiC layers. Notice that the
lowest energy structure of the IDBs in GaN does not induce elec-
tronic states in the bandgap, and would therefore be electrically
inert.[) In light of these findings, it is also very interesting to make
a comparison with the 3C-SiC case.

We use density functional theory (DFT) to shed light on the
electronic properties of the IDBs in 3C-SiC. Different atomistic
models are built for IDBs both lying in the {110} and {111} planes
and the different configurations have been also compared to
high-resolution transmission electron microscopy images. Finally,
accurate electronic structure calculations have been performed to
overcome the inaccurate bandgap predictions of standard DFT,
allowing us to draw important conclusions on the impact of these
extended defects on the electronic properties of the 3C-SiC layers.

2. Experimental Section

2.1. Computational Methods

The electronic structure calculations are based on DFT and exploit
the recently developed non-empirical strongly constrained and
appropriately normed (SCAN) meta- generalized-gradient approx-
imation (GGA) functionals,” as implemented in the Quantum
Espresso package.® This allows us to improve the prediction of
the bulk SiC bandgap (1.9 eV) as compared to the value of about
1.35 eV obtained by GGA. The atomistic models were obtained by
building supercells of the bulk 3C-SiC and inverting the atomic
species of a fractional region, then the ionic position was opti-
mized by using GGA exchange-correlation potentials!” and
accounting for the van der Waals interaction by the semiempirical
method of Grimme (DFT-D2)."”! Within the projector augmented
wave (PAW) method,"" plane-wave cutoff energy of 80 Ry was
used for the ionic relaxations. The cutoff for the atomic forces
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was set to 10~* Ry Bohr ', exploiting a conjugate gradient method
and a 1 x 8 x 1 or 8 x 8 x 1 Monkhorst-Pack grid for sampling
the Brillouin of the supercells with IDBs lying in the {110} and
{111} planes, respectively. The cell optimization had negligible
effects both on the formation energy and structure of a few test
cases, both for the IDB (110) and IDB (111).

2.2. Experimental Methods

3C-SiC was grown heteroepitaxially on silicon using the chemical
vapor deposition (CVD) technique, in a horizontal hot-wall reac-
tor in the LPE industry. The (001) Si substrate was a 6 inc 650 pm
thick wafer. Hydrogen was used as a carrier gas and the growth
process was performed at a pressure and temperature of 10* Pa
and 1370 °C, after a carbonization step at 1100 °C. The gases used
during the growth were trichlorosilane and ethylene as silicon
and carbon precursors. The final 3C-SiC thickness was
30 pm.[*?! scanning transmission electron microscopy (STEM)
was carried out on a JEOL ARM200F probe Cs-corrected trans-
mission electron microscope (TEM), equipped with a cold field
emission gun and working at 200 kV. We operated with three
detectors, acquiring three images contemporaneously: at low,
medium, and high scattering angles. A low angle detector allows
us to have bright field (BF) images while the high-angle annular
dark field (HAADF) detector (with an inner semi-angle of
80 mrad) was used to obtain the dark-field STEM images. The
nominal resolution of the microscope is 0.68 A. In the used con-
figuration, the signal in the image is mainly related to the atomic
number Z, allowing direct identification of the carbon and silicon
atomic columns. The images were exported by using the Digital
Micrograph Software and analyzed with Image] software.!'***

3. Results and Discussions
3.1. IDB (110)

Figure 1 illustrates two atomistic models of the IDB lying in the
(110) plane. Each periodic supercell contains two IDBs,

www.pss-b.com

highlighted by the dashed lines in Figure 1, where the occupation
of Si and C sublattices is reversed. The supercells have 24 and 8
SiC layers along the [110] directions and [001] directions, respec-
tively, with 384 atoms. In our models, the minimum
distance between the two boundaries is seven layers. The big
supercells allowed us to increase this distance up to 12 layers
and assess the convergence of the IDB formation energy with
the distance, showing an accuracy below 0.1 meV A2 for the
lower simulated distance, thus even smaller than what had been
reported by Lambrecht et al.™®

The upper model in Figure 1 is built by simply inverting the Si
and C positions in the region between the two boundaries, but
Si-Si and C-C bonds are formed at the interfaces between the
two domains. Note that our supercell contains also four periodic
replicas along the [001] direction, thus having a total surface area
of the IDB equal to 53.62 A, which is four times the area of the
IDB in a unit cell.

In analogy to the GaN casel® we have also modeled the
so-called IDB*, as illustrated in the lower panel of Figure 1,
by shifting the atomic planes of one of the two domains by
a/2 in the [001] direction, with a the lattice constant of
3C-SiC, which is 4.35 A for our lowest-energy bulk structure.!®!
Although the GaN case is quite different than the 3C-SiC one,
both concerning the crystal phase (wurtzite vs. zinc blende)
and also the orientation of the IDB, the structural configuration
of the IDB and IDB* is very similar in the two materials: the IDB
shows wrong atomic bonds, i.e., between same atomic species,
on the boundary surface; while the IDB* contains fourfold and
eightfold rings preventing the wrong bonds of the IDB.

We report in Table 1 the formation energy of the IDB and
IDB*, calculated as Egpy, = (Ewr — Epuw)/2A, where Ey is
the total energy of the structure containing the boundaries
(as shown in Figure 1) and A is the area of its periodic cell in
the (110) plane, while E,, is the energy of a pristine bulk having
the same number of atoms. One may note that the formation
energy of the IDB in 3C-SiC is quite similar to the formation
energy of the IDB in GaN. The fourfold and eightfold rings of
the IDB* were expected to be much energetically favored as
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Figure 1. Optimized structures of the (110) inversion domain boundaries (IDBs). The IDB* is the structure obtained via a translation along the [001]
direction, by analogy with ref. [6]. Green and blue spheres represent the Si and C atoms, respectively.
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Table 1. Formation energies calculated for the IDB and the IDB* in SiC
(our work) and GaN (from ref. [6]).

Material Type Eform[meV A2
SiC IDB 140
IDB* 126
GaN IDB 167
IDB* 25

compared to the wrong (Si-Si and C—C) bonds in the IDB. But,
we find that the IDB* has an energy advantage of less than
15 meV A2 as compared to the IDB. Still, our experimental anal-
yses revealed several STEM images compatible with the IDB*
atomistic structure, as evident in Figure 2, but we have never
found anything compatible with the IDB structure.

Even if we can not categorically exclude the presence of the
IDB in 3C-SiC epitaxially grown on Si, this indication is even
more interesting after looking at the electronic states of the
IDB and IDB* defects. In fact, the calculated band structure
shown in Figure 3 reveals that the IDB* affects only slightly
the band structure of the 3C-SiC, by introducing very shallow
defect states, particularly close to the valence band (VB) edge.
In fact, the bandgap is only slightly reduced to about 1.6eV as
compared to the bulk case (1.9 eV, as estimated in our calcula-
tions!?). Interestingly, very similar conclusions have been drawn
for the IDB* in GaN.!*! On the contrary, deep defect states are

[001]

[110]

Figure 2. High-resolution cross-section high-angle annular dark field—
scanning transmission electron microscopy (HAADF-STEM) image of
an IDB lying in the (110) plane with its atomic structure model shown
below, where green and blue spheres represent the Si and C atoms,
respectively.
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evident in the band structure of the IDB, plotted in the top left
panel of Figure 3, and also in the local density of states (LDOS)
integrated into 48 fractional boxes of the supercell along the [110]
direction and plotted in the right panels of Figure 3. In fact, these
defective states are located at real-space positions (15/48 and 30/
48 of the supercell size) corresponding to the IDB planes and
reduce the bulk bandgap to about 0.75 eV and thus hinting its
very bad impact on 3C-SiC-based devices. But, the higher forma-
tion energy of the IDB as compared to the (almost) electrical inert
IDB¥*, which is also confirmed by the lack of the former and the
presence of the latter defect in our experimental analysis, sug-
gests that the inversion domain boundaries, particularly lying
in the {110} planes may not have a dramatic effect on the elec-
tronic properties of 3C-SiC layers grown on Si. Moreover, one
may note that the domain wall energy of the IDB* is estimated
at 126 meV A2, a value which is about five times greater than the
corresponding energy in GaN. This suggests that the formation
of (110) oriented IDB is thermodynamically not very much
favored in 3C-SiC. These extended defects may be a consequence
of particular growth mechanisms, but not likely “intrinsic”
defects in 3C-SiC, contrary to stacking faults, for instance.
These latter defects have formation energies of a few tens of
meV A2, even becoming negative at high temperatures.'® In
contrast, the high formation energy of IDB* confirm that
although these defects may be unavoidable when different nucle-
ation domains merge together during the epitaxial growth on
planar Si substrates, they can be completely eliminated if
off-cut Si substrates are used.”’)

3.2. IDB (111)

Another family of IDBs, which has been recently reported is that
one including the extended defects with the domain boundaries
lying in the {111} planes.*

In Figure 4 the high-resolution STEM images evidence these
IDBs and in fact the silicon and carbon sites are inverted in the
two regions separated by the dashed horizontal lines in the
images of Figure 4, representing the IDBs and identifying a
(111) plane. The silicon atoms have higher electron scattering
cross-sections than carbon atoms, thus they are detectable as
larger white halos, while the smaller gray ones are the C
atoms."’! The atomistic models corresponding to the STEM
images are also shown on the right side of Figure 4. It is evident
that the IDBs observed in both STEM images are made up of two
Si planes forming Si-Si bonds and separating the two regions
with inverted domains. Faulted atomic layers are also evident
in both STEM images, as also illustrated in their atomistic mod-
els. In particular, a single faulted atomic layer, so-called intrinsic
stacking fault (ISF),*®! is present in the top structure of Figure 4.
Triple faulted atomic layers, forming the so-called double extrin-
sic stacking fault (ESFd), are then evident in the bottom STEM
image of Figure 4. The (111) IDBs look to be peculiarly correlated
to the stacking faults (SFs), in fact, all the IDBs lying in {111}
planes observed during our investigations are found together
with SFs and their number is odd. This aspect could not be
confirmed by the total energy calculations of our supercells illus-
trated in Figure 5 that model the (111) IDBs without SFs and with
the ISF and the ESFd, from left to right side of the figure. In fact,
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Figure 3. The band structures along the high-symmetry lines of the supercells containing the IDB and IDB* are shown on the left side. The I'-X line
corresponds to the cubic [170] direction, the T-Y line to the [001] cubic direction, and the Y-B line corresponds to the [110] direction of the superlattice.
The bulk-projected band structure is also shown for a comparison as a filled curve. On the right side, the integrated LDOS along the [110] direction of the
supercell is shown for the two cases of the IDB and IDB*, with their planes located at 15/46 and 30/46 fractional units of the supercell dimension along
the [110] direction. The insets show the atomistic structure aligned with the x-axis of the local density of states (LDOS) plots.

our models have to include both a Si-Si and a C-C boundary in
the same cell to form periodic supercells along the [111] direc-
tion. Thus, we cannot calculate the formation energy of a single
(111) IDB and hence compare the formation energy of the dif-
ferent IDBs with Si-Si bonds, but with and without SFs.
Moreover, the stability of SFs changes with the temperature!*®!
and their formation and dynamics during the growth process'?
may be more important than the ground state energy of the
different (111) IDBs to understand the stability of these latter
defects. Thus, more specific theoretical investigations are neces-
sary to elucidate this aspect, but the experimental indications
restricting the number of structural cases of (111) IDBs appear-
ing in the SiC layers are crucial for our electronic analysis of
these defects. In Figure 6, the band structures and LDOS calcu-
lated for the three supercells of Figure 5 shows clearly that several
defect states are appearing deeply in the bandgap of the 3C-SiC,
reducing its calculated gap up to about 0.36 eV, but most of these
states are caused by the C-C bonds. This is the worst case illus-
trated in the LDOS integrated into boxes, which are fractions of
the full supercells along the [111] direction, and plotted on the
right side of Figure 5.

The C-C boundary has been located at about the same x-axis
value 3 for the three simulated supercells, and indeed it is the
point where the bandgap has the lowest value (i.e., about 0.41,
0.36, and 0.8eV for the IDB, IDB + ISF, and IDB + ESFd,

Phys. Status Solidi B 2022, 2200093 2200093 (4 of 7)

respectively). Still, the Si—Si boundaries, which are the only ones
observed experimentally, have a less dramatic effect. The
bandgap calculated inside the boxes where these boundaries
are located (in between 8 and 11 x-values in the plots of
Figure 6) varies between 1eV for the IDB+ ISF and 1.5eV
for the IDB + ESFd. Note that these ones are the two most inter-
esting cases from the experimental point of view, because the
simple (111) IDB, hence without correlated SFs, has not yet been
observed. Thus, our results show that the Si—Si IDB laying in the
{111} planes and appearing together with SFs in the experiments
have a substantial effect on the band structure of 3C-SiC, intro-
ducing defects states and filling about 0.5-1 eV above the valence
band edge. Certainly, this has a detrimental impact on the elec-
tronic properties of 3C-SiC layers grown on on-axis (001) Si
wafers, but less marked as compared to other extended defects,
such as the dislocation complexes,” thus likely not being the
major cause of leakage current in 3C-SiC devices. A different
and more destructive impact would be that one of the C-C
(111) IDBs, but they are not probed experimentally.

4. Conclusion
A theoretical study of inversion domain boundaries has been

supported by the experimental investigation of 3C-SiC layers
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Figure 4. High-resolution cross-section HAADF-STEM images of an IDB lying in the (111) plane with the intrinsic stacking fault (ISF) (top) or double
extrinsic stacking fault (ESFd) (bottom). Their corresponding atomic structure models are shown alongside.

(111)IDB

(111)IDB+ISF

(111)IDB+ESFd

(i

[111]

Figure 5. Optimized structures of the (111) IDBs. Green and blue spheres represent the Si and C atoms, respectively. The simulated supercell units are
also shown by solid lines, while dashed lines indicate the IDB planes.
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Figure 6. The band structures along the high-symmetry lines of the supercells containing the (111) IDBs. The I'-M line corresponds to the cubic [111]
direction, the I'—K line to the cubic [001] direction. The bulk-projected band structure is also shown for comparison as a filled curve. On the right side, the
integrated LDOS along the [111] direction of the supercell is shown for the three cases of the IDB, IDB with ISF, and ESFd. The IDB planes containing the
C-C bonds are located at 3/20 (or 3/16 for the IDB + ESFd) fractional units of the supercell dimension along the [111] direction. The IDB planes
containing the Si-Si bonds are located at about 12/20, 9/20, and 9/16 fractional units of the supercell dimension along the [111] direction,
for the IDB. IDB + ISF and IDB + ESFd, respectively. The insets show the atomistic structure aligned with the x-axis of the LDOS plots, focusing

on the IDBs.

grown on the on-axis (001) Si wafers. Different atomistic models
of the IDBs are compared to the high-resolution cross-section
HAADEF-STEM images, allowing us to identify a subset of them
that are undoubtedly present in the 3C-SiC layers for both fami-
lies of IDBs laying in the {110} and {111} crystallographic planes.
For the (110) IDBs, a structure named IDB* has been found to be
slightly more stable than the simpler model and it is also the only
one so far observed experimentally. The IDB*, similarly to the
GaN case, only slightly affect the band structure of the 3C-

Phys. Status Solidi B 2022, 2200093 2200093 (6 of 7)

SiC, and hence it is improbable that they have a detrimental
effect on the electronic properties of the devices. For the IDBs
lying in the {111} planes, the calculations are not effective in
building a hierarchy of the thermodynamic stability of the
possible structures of these defects, but experimentally it is quite
evident that these boundaries have always a Si-Si bonding front
and they are correlated to SFs, particularly ISF and ESFd. The
electronic properties simulated for these (111) IDBs show more
pronounced signatures as compared to the (110) IDB*, forming a
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defects band up to 1eV above the valence band of the 3C-SiC.
Although this may have important effects on the functioning
of devices, IDBs are not likely the main cause of high-leakage
current and failure of 3C-SiC devices. In fact, it has been shown
that dislocation complexes terminating the SFs have an even
higher impact on the electronic properties of 3C-SiC and contrary
to the IDBs, they cannot be eliminated by using off-axis (001) Si
substrates.[” 1%
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