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First-principles calculations on Si (220) located 6H–SiC (101̄0)
surface with different stacking sites∗
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6H–SiC (101̄0) surface and Si (220)/6H–SiC (101̄0) interface with different stacking sites are investigated using
first-principles calculations. Surface energies of 6H–SiC (101̄0) (case I, case II, and case III) are firstly studied and the
surface calculation results show that case II and case III are more stable than case I. Then, the adhesion energies, fracture
toughness values, interfacial energies, densities of states, and electronic structures of Si (220)/6H–SiC (101̄0) interfaces for
three stacking models (AM, BM, and CM) are calculated. The CM model has the highest adhesion energy and the lowest
interfacial energy, suggesting that the CM is stronger and more thermodynamically stable than AM and BM. Densities of
states and the total charge densities give evidence that interfacial bonding is formed at the interface and that Si–Si and Si–C
are induced due to the hybridization of C-2p and Si-3p. Moreover, the Si–C is much stronger than Si–Si at the interface,
implying that the contribution of the interfacial bonding mainly comes from Si–C rather than Si–Si.
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1. Introduction
6H–SiC is not sensitive to visible or near-infrared light,

which restricts the applications of 6H–SiC in visible and near-
infrared optoelectronics. A promising way to solve this prob-
lem is to use a Si/SiC heterojunction,[1–3] while the substan-
tial defects, such as dislocations and stacking faults,[3,4] de-
riving from a huge theoretical lattice mismatch of 20%, at the
Si/6H–SiC interface will have a serious negative influence on
the quality of the prepared film, leading to the failure of de-
vices.

In recent years, Si films have been prepared on a 6H–
SiC substrate using low-pressure chemical vapor deposition
(LPCVD) in our laboratory. High-purity hydrogen (H2) is
used as a carrier gas and the silane (SiH4) is the gas source.
Details of the growth process can be found in Ref. [1]. Si
films with [111] and [220] orientations have been success-
fully grown on 6H–SiC (0001) substrate.[5] The structure of
a Si (111)/6H–SiC (0001) interface has been revealed, ac-
cording to the results of HRTEM and SAED. Furthermore, a
molecular dynamics calculation has been employed to char-
acterize and illustrate the interface structure of Si (111)/6H–
SiC (0001) interface. The results show that atomic struc-
ture of the interface is 4:5 Si-to-SiC atomic matching.[6] Re-
cently, the structure of a Si (220)/6H–SiC (0001) interface has
also been observed.[5] The SAED patterns confirm that the
parallel-plane relationship of Si/6H–SiC heterojunction is Si
(220)//6H–SiC (0001) and Si (002) //6H–SiC (101̄0). Corre-

sponding to the observed interface structure, the atomic struc-
ture and binding properties of Si (220)/6H–SiC (0001) inter-
face have been simulated.[7]

As is well known, the crystal orientation of 6H–SiC sub-
structure has a great influence on Si/SiC interface. In the low
index crystal-planes of 6H–SiC, 6H–SiC (101̄0) can match
well with Si (220), forming another possible interface model.
Because of the lattice mismatch, other combinations cannot
constitute a matching interface. Therefore, in this work the
atomic structure and binding properties of Si (220)/6H–SiC
(101̄0) interface are simulated and compared with those of
Si (111)/6H–SiC (0001) and Si (220)/6H–SiC (0001) inter-
faces. It is confirmed that the Si (220)/6H–SiC (101̄0) is also
the suitable growth model, which provides some theoretical
basis for the experiment.

2. Method
Density functional theory (DFT) calculations are con-

ducted to investigate the surface[8,9] and interface prop-
erties by using the Cambridge Sequential Total Energy
Package.[10] The electron–ion interaction is described using
the pseudopotential.[11,12] The generalized gradient approxi-
mation (GGA) of Perdew and Wang (PW91)[13] is employed
to describe the exchange–correlation functional. The GGA
potentials, representing a more inhomogeneous chemical en-
vironment, are better for the interface calculations.[14,15] The
single-particle Kohn–Sham wave functions are expanded us-
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ing plane waves with a cutoff energy of 380 eV for a bulk, a
surface, and an interface. A vacuum region of 10 Å is embed-
ded into the surface and interface supercells to avoid unwanted
interaction between the slab and its periodic images. The sam-
pling of irreducible edge of Brillouin zone is performed with a
regular Monkhorst–Pack grid[16] with 6× 6× 6 k points for
the bulk, and 6 × 6 × 1 k points for the surface and inter-
face. The stable state can be found by solving the Kohn–Sham
equation[17] using the self-consistent field (SCF) procedure
with an SCF convergence threshold of 2e−6 eV/atom. The
Broyden–Fletcher–Goldfarb–Shanno (BFGS)[18] algorithm is
used to relax to achieve the minimum total energy of the sys-
tem and fulfill the geometry optimization with a convergence
tolerance of 1e−5 eV/atom for energy, 0.01 eV/A for maxi-
mum force, and 0.001 A for maximum displacement. The
exchange–correlation function, k-point sampling grids, and
cutoff energy have a serious influence on the simulation ac-

curacy. The calculation results of lattice constants (a and/or
c), elastic constants (Ci j), and bulk modulus (B) of bulk Si and
6H–SiC ensure that the parameters used in the calculations are
valid by comparing the calculation results with experimental
results.

3. Results and discussion
3.1. Surface

The surface properties of materials, which are different
from the bulk properties, are important since they have great
decisive effects on the interaction between the substance and
the external environment. In the cutting process of a 6H–
SiC (101̄0) surface, the dangling bonds are induced due to the
breakage of chemical bonds, leading to the rise of system en-
ergy and the instability of the new surface formed. Figure 1
illustrates three kinds of surfaces: case I, case II, and case III,
according to the top atom position of the cleave slab.

top

view

cross

view

Case I Case II Case III

Fig. 1. Top view and cross view of three surface models (cases I–III) with three stacking sites. The spheres with colors of white, dark
gray, and light gray denote H, C, and Si, respectively.

The surface energy (γs), which is the energy that is re-
quired to split the crystal in two parts along a plane, is the en-
ergy per unit area of the new surface formed and it can be used
to describe surface stability. It can be calculated according to
the following formula:[19,20]

γs = [Eslab(N)−NEbulk]/(2As), (1)

where Eslab(N) denotes the total energy of surface supercell
slab, Ebulk is the total energy per formula in the bulk material,
N is the total number of formula, As is the surface area, and
factor 2 arises from two identical surfaces of the slab.

The surface of a material is molded by a slab having a
certain surface area and appropriate atom layers. Although a
surface slab with more atom layers will have higher accuracy,

the computation will need more memory hardware and longer
computing time. In this work, the surface energy of Si (220)
with ten atom layers converged well to 1.65 J/m2 and the sur-
face energies of case I, case II, and case III of 6H–SiC (101̄0)
with fifty five atom layers, are 2.961 J/m2, 4.195 J/m2, and
4.195 J/m2, respectively. This implies that case I is more sta-
ble than case II and case III.

In order to clearly show the location and distribution of
dangling bonds, the dangling bonds are saturated using hydro-
gen atoms. Consequently, the hydrogen atoms become repre-
sentative of dangling bonds. The top and cross views of three
kinds surfaces of 6H–SiC (101̄0) are shown in Fig. 1. The
number of dangling bonds is an important factor affecting sur-
face energy bonds. Generally speaking, a bigger number of
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dangling bonds is associated with a higher surface energy. It
can be seen from the top view in Fig. 1 that all the three cases
have six dangling bonds, so the number of dangling bonds
could not be the key factor affecting surface energy. The distri-
bution and provider of dangling bonds, observed from Fig. 1,
are different for the three cases, leading to the distinctions of
surface energy.

3.1.1. Interface construction

Firstly, Si (220) and 6H–Si(C) (101̄0) surfaces are
cleaved from the optimized bulk Si and 6H–SiC respectively.
The in-plane lattice constants of Si (220) with usi of 5.3 Å and
vsi of 3.8 Å, are mismatching with those of 6H–SiC (101̄0)

(usic of 10.1 Å and vsic of 3.8 Å). The interface properties are
inherently affected by the lattice mismatch between u and v.
The ratio of in-plane lattice constant of Si to that of SiC is 1–2
for u and 5–4 for v, so a 2×4 Si (220) supercell and a 1× 5
6H–SiC (101̄0) supercell are used to relax to the interface and
minimize the system errors due to the small lattice mismatch
between the two supercells. The 2×4 Si (220) supercell is
stacked on a 1×5 6H–SiC (101̄0) supercell to form the inter-
face model. Considering the three different surface models of
6H–SiC (101̄0), showing the distinctive surface properties as
discussed above, three stacking interfacial models, called AM,
BM, and CM, will be studied, which are shown in Fig. 2 in this
work.

AM BM CM

Fig. 2. Three interfacial models (AM, BM, and CM) with three stacking sites. The spheres with colors of dark gray and light gray
denote C and Si, respectively.

Appropriate interfacial separations of original models

will help us to create reasonable interface models and shorten

the computing time. Interfacial separations of three original

models are tested by energy calculation. The interfacial sep-

arations are marked using the black line in Fig. 2. The func-

tional relationship between energy and interfacial separation

is shown in Fig. 3.
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Fig. 3. Curves of total energy versus interfacial separation for the three
Si (220)/6H–SiC (101̄0) interface models.

Figure 3 shows that each original model has a minimum,
which is representative of the most stable state, and the cor-
responding interfacial separation is the most appropriate inter-
facial separation. The most appropriate interfacial separation
is 2.1 Å for AM and BM, and 1.6 Å for CM. Interface mod-
els with the proper interfacial separations are created and will
relax to derive other properties.

3.1.2. Adhesion energy

Adhesion energy (Wad), which is a direct measure of the
interface bond strength and the work required to reversibly
separate the interface into two free surfaces, is a good quan-
tity in predicting the stability of a Si (220)/6H–SiC (101̄0)
interface. It can be calculated according to the following
formula:[19–21]

Wad = (Eslab,Si (220)+Eslab,SiC (100)

−ESi (220)/6H−SiC (100))/A, (2)

where ESi (220)/6H−SiC (100) is the total energy of Si
(220)/6H–SiC (101̄0) interface system, and Eslab,Si (220) and
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Eslab,6H−SiC (100) are the isolated Si (220) and 6H–SiC (101̄0)
slabs in the same supercells where one slab is kept and the
other is replaced by vacuum, and A is the interface area.

Interfacial fracture toughness, which describes the ability
for a material to contain a crack to resist fracture, is a criti-
cal parameter in assessing the quality and performance of a
Si (220)/6H–SiC (101̄0) interface system. According to Chen
and Bielawski,[22] the interfacial fracture toughness Kic along
crystal orientation can be calculated from the following for-
mula:

Kic = 2
√

WadYhkl , (3)

where Wad is the adhesion energy, and Yhkl is the Young’s mod-
ulus of bulk materials along a specific crystal orientation.

Separation distance (d), which is the shortest bond length
of interface models, is calculated to obtain the optimal inter-
facial separation. Then, the interface models with the optimal
interfacial separation are relaxed. The separation distance and
adhesion energy before and after relaxation for three interface
models are shown in Table 1.

Table 1. Values of adhesion energy (Wad) (J/m2) and separation distance (d) (Å) of three Si (220)/6H–SiC (101̄0) models.

AM BM CM AM BM CM
Wad(unrelaxed) 1.189 1.137 1.372 dopt(unrelaxed) 2.1 2.1 1.6
Wad(relaxed) 2.607 2.4859 3.849 dopt(relaxed) 1.936 2.381 1.809
∆W 1.418 1.3489 2.47 ∆d 0.164 0.281 0.209

The fully relaxed results can be treated as the equilibrium
values of three models. Relaxation has a direct influence on
separation distance and adhesion energy. After relaxation, the
adhesion energies are bigger than before, resulting in the more
stable interfacial bonding by a possible atomic reconstruction
via relaxation. The large ∆d, which shows that there is a lot
of change in atomic position at the Si (220)/6H–SiC (101̄0)
interface, implies a large relaxation effect.

Separation distance and adhesion energy are also affected
by stacking site. The CM has the larger Wad than the other two.
The Wad increases as the orders of BM, AM, and CM increase,
while the d increases as the opposite order increases, which
confirms that the values of Wad for three models are consistent
with each other. Overall, the relative position of interfacial
atoms has a great influence on the adhesion energy. The rea-
son for this is that for CM, many interfacial Si atoms of Si slab
interact with only one top-sited C atom or Si in SiC slab, but
for AM and BM, many interfacial Si atoms of Si slab interact
with C bridge-site atoms and Si atoms in SiC slab. So the bond
strength of CM is stronger than those of BM and AM.

According to previous investigation, an Si-terminated
Si (111)/6H–SiC (0001) interface system has a higher adhe-
sion energy (3.4 J/m2) than C-terminated interface (2.4 J/m2)

after relaxation, deducing that the atomic interaction at Si-
terminated interface is much stronger than C-terminated in-
terface. While for the case of the Si (220)/6H–SiC (0001) in-
terface system, the Si-terminated interfacial adhesion energy
(3.4 J/m2) is smaller than C-terminated interface adhesion en-
ergy (4.07/m2). So the bond strength of CM is weaker than
that of C-terminated Si (220)/6H–SiC (0001), but larger than

those of other interface systems.
The orientation-dependent interfacial fracture toughness

can be calculated according to the above equation. The in-
terfacial fracture toughness value is affected by adhesion en-
ergy (Wad) and Young’s modulus (Yhkl). Young’s modulus is
an orientation-dependent quantity, but the three models have
the same orientation and the Young’s modulus can be treated
as a constant. So, the Wad will play an important role in de-
termining the interfacial fracture toughness value. Interfacial
fracture toughness Kic should be sequenced as CM > AM >

BM, according to the order of adhesion energy. That is to say,
the CM has a larger interfacial fracture toughness value than
the other two.

3.1.3. Interface energy

Another important quantity associated with interface ther-
modynamic stability is interface energy, which can be defined
as the work required to form the interface from bulk material.
Interface energy originates from the changes in the interfacial
atomic chemical bonding and the structure strain. In contrast
to the adhesion energy, it is not an absolute measure of the
interface bond strength. Instead, it compares the interfacial
bonds with the bonding in the bulk material, and it is calcu-
lated from the following formula:[23,24]

γint =
Esi/sic(M,N)−MEbulk

si −NEbulk
sic

Aint
− γsi − γsic, (4)

where Ebulk
si and Ebulk

sic denote the total energies of bulk Si and
bulk SiC per formula, Esi/sic(M,N) denotes the total energy of
interface, M and N are the numbers of formula, γsi and γsic are
the surface energies, Aint is the interface area.
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The relaxed interface energies of AM, BM, and CM, ac-
cording to Eq. (4), are derived and listed in Table 2.

Table 2. Values of interface energy (γint) of three Si (220)/6H–SiC
(101̄0) models (J/m2).

AM BM CM
γint 2.03 2.035 1.875

In the relaxation effect the relaxed interfaces are more sta-
ble than the unrelaxed interface. It can be seen from Table 2
that interfacial atomic configuration plays an important role in
determining interface energy. It can be shown that the inter-
face energies of the three interface models are very large and
positive, which results from interfacial misfit strain caused by
the structure mismatch of Si and SiC. If both materials are
similar, then the interface energy will be very small. The se-

quence of interface energy of three interface models can be

queued as BM(2.035) > AM(2.03) > CM(1.875). The fact

that the CM has a lower value of the interface energy than AM

and BM implies that CM is energetic and more favorable for

the formation of an interface. The interface energy also has

a relationship with the adhesion energy. It can be seen that

the smaller interface energy will bring in the larger adhesion

energy.

3.2. Electronic structure and bonding nature

3.2.1. Densities of states

In order to gain further an insight into the electronic

states, the total densities of states (DOSs) and densities of

states projected on selected atomic layers are shown in Fig. 4.
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Fig. 4. (color online) (a) total DOSs of SiC and Si for bulk AM, BM, and CM, (b) DOSs projected on selected atomic layers of Si
(220)/6H–SiC (101̄0) for CM, (c) DOSs of C atoms and Si atoms of first SiC layer for CM. The 0 eV indicates the location of Fermi
level.

Figure 4(a) shows the total DOSs for Si and SiC at the

interface and in pure bulk. It can be found that the DOSs from

the interface is more localized than that from pure bulk, im-

plying that stronger covalent bonding is formed because of the

formation of the interface. Another noticeable feature is that a

slight shift in DOS, which is induced due to the rearrangement

of atoms after relaxation, occurs at the interface from the pure

bulk Si and SiC. The third feature found from Fig. 4(a) is that

there are new peaks around −1 eV and at 0.4 eV. The 0.4-eV

peak, called interfacial state, which stems from the dangling

bonds, is located at bandpap. The positions of the interfacial

states of the three stacking sites are nearly the same, implying
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that the stacking site has little effect on the interfacial state.
To further comprehend the advent of the new peaks, a

thorough study on DOSs projected on selected atomic layers is
required. Figure 4(b) reveals that the new peaks coming from
the first Si layer at Si slab, ranging from −16 eV–12 eV, do not
appear at the second Si layer or at bulk Si, but occur at the first
SiC layer. It can also be found that there is a new peak around
−1 eV at the first and second Si layer, which corresponds to
the peaks at the same position at first and second SiC layer, re-
spectively. The resonance and the overlapping states originate
from the hybridization of C and Si, which mainly come from
C-2p and Si-3p, confirming the existence of Si–C and Si–Si

bonds. In order to measure the amount of contribution to the
interfacial bonding, DOSs of C atoms and DOSs of Si atoms
of first SiC layer are calculated as shown in Fig. 4(c). It can be
seen from Fig. 4(c) that the DOSs of C atoms near the Fermi
level are more localized than those of Si atoms, suggesting that
the Si–C is much stronger than Si–Si at the interface. That is to
say, the contribution of the interfacial bonding comes mainly
from Si–C rather than Si–Si bonds.

3.2.2. Charge density

To identify bonding type directly, the total charge densi-
ties for three relaxed interfaces are shown in Fig. 5.

Fig. 5. (color online) Total valence electron densities of three interfacial models (AM, BM, and CM).

It can be seen from Fig. 5 that high density of charges
with a saddle-shape contour can be observed along the bond
axis of Si atom of Si crystal and Si atom of SiC crystal and
charges are redistributed symmetrically, which indicates evi-
dence of a non-polar Si–Si covalent bond, while the charges
along the bond axis of Si atom of Si crystal and C atom of
SiC crystal are redistributed asymmetrically, which is indica-
tive of a polar Si–C covalent bond. The difference between
Si–Si bond and Si–C bond is consistent with the difference in
electronegativity.

Figure 5 also shows that some interfacial Si atoms in Si
slab interact with an interfacial Si or an interfacial C atom in
SiC slab, some interact with an interfacial Si atom and an in-
terfacial C atom in SiC slab, and the remaining ones do not
interact with the interfacial Si atoms or with the C atoms in the
SiC slab. If the interfacial Si atoms of Si slab are on the top of
interfacial Si atoms or C atoms of SiC slab, and the distance of
the atoms is appropriate, no matter whether the two atoms will
bond, then the two atoms will not interact with each other, and
if the interfacial Si atoms are on the bridge sites of interfacial

Si atoms and C atoms, then the Si atoms will interact with Si
atoms and C atom, simultaneously.

4. Conclusions
6H–SiC (101̄0) surfaces and Si (220)/6H–SiC (101̄0) in-

terfaces are calculated using the first-principles density func-
tional theory. Three kinds of surfaces and interfaces are inves-
tigated in this work, according to the stacking sites. The sur-
face calculation results of case I, case II, and case III show that
case II and case III are more stable than case I. The adhesion
energies, fracture toughness values, interfacial energies, den-
sities of states, and electronic structures of AM, BM, and CM
are calculated. From the point of view of adhesion energy, the
CM has a larger value than AM and BM, suggesting that the
CM is stronger and more thermodynamically stable than AM
and BM. Interfacial fracture toughness is also calculated. The
result indicates that the CM also has the largest value because
the interfacial fracture toughness is mainly affected by adhe-
sion energy. The interfacial energies are positive and large,
which results from interfacial misfit strain caused by the struc-
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ture mismatch of Si and SiC. The adhesion energy has some
certain relationship with interfacial energy. For Si (220)/6H–
SiC (101̄0) interfaces, a smaller interface energy corresponds
to a larger adhesion energy. Total DOSs, DOSs projected on
selected atomic layers, and the total charge density at the inter-
face of CM are also analyzed. The result shows that new peaks
around −1 eV and at 0.4 eV are induced, implying that the in-
terfacial bonding is formed at the interface. Si–Si and Si–C,
formed at the interface, are induced due to the hybridization of
C-2p and Si-3p. Moreover, the DOSs of C atoms near Fermi
level are more localized than those of Si atoms, suggesting
that Si–C interaction is much stronger than the Si–Si bonding
at the interface.[25]
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