
Density functional study on helium and hydrogen interstitials in silicon carbide

Wei Cheng a, Min-Ju Ying a, Feng-Shou Zhang a,b,d,⇑, Hong-Yu Zhou a, Shang-Fen Ren c

a College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, PR China
b Beijing Radiation Center, Beijing 100875, PR China
c Department of Physics, Illinois State University, Normal, IL 61790-4560, USA
d Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator of Lanzhou, Lanzhou 730000, PR China

a r t i c l e i n f o

Article history:
Received 3 March 2011
Received in revised form 18 June 2011
Available online 29 June 2011

Keywords:
Helium interstitials
Hydrogen interstitials
Ab initio simulation
Silicon carbide
Phonon

a b s t r a c t

Silicon carbide with various defects such as carbon or silicon vacancies, anti-sites, and helium or hydro-
gen interstitials are studied in detail by ab initio calculations. The energy minimized structures of vacan-
cies and helium or hydrogen interstitials are investigated. The calculated electronic spectra explain well
some of the important features of silicon carbide observed in experiments. The phonon spectra of silicon
carbide with hydrogen interstitials between silicon and carbon bond are calculated, and the frequency of
the hydrogen–carbon stretching mode is consistent with experiments.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silicon carbide (SiC) is a wide band gap semiconductor with
many practical applications, such as wireless temperature sensors
[1] and neutron detectors [2–4]. It is also an advanced material
candidate to be used in fusion [5–7 and references therein] and fis-
sion devices [8]. There are many types of silicon carbides, such as
6H-SiC, 4H-SiC, 2H-SiC, and 3C-SiC, etc. The degradation of SiC in
the reactor is partly from helium (He) and hydrogen (H) injections.

He and H injections can cause various defects, including point
defects, linear defects, planar defects, volume defects and mixed
defects. When the impurity He or H atoms are injected into the
SiC, there are many possibilities. First, high energy impurity atom
may kick out a silicon (Si) or a carbon (C) atom from its original site
to form a local vacancy, and the ejected C or Si atom may further
interact with the host to form anti-sites defects. Second, low en-
ergy impurity He or H atoms may stay in SiC as the interstitials.
In such cases, the impurity atoms are likely to be trapped to the
center of the cage when the initial position of the impurity atom
are not far from the center of a cage, and more complex defects
can be formed when the initial position of the impurity atoms
are located between a C–Si bond, depending on chemical proper-
ties of the interstitials. Because He atom is inert and H atom is
reactive, the impacts of helium or hydrogen interstitials are signif-
icantly different. H tends to form bonds with neighboring C atom,

and He tends to stay isolated in the cage. Furthermore, di-vacan-
cies may form according to ab initio calculations [9]. Also, ex-
tended defects could be formed by thermal annealing [10].

It is well-known that many stable as well as pseudo-stable de-
fects may form in the ion injection processes. After annealing at
623 K, some pseudo-stable defects may disappear [11], and some
defects cannot be recovered [10]. It is important to know the pseu-
do-stable as well as the most stable structures for interstitials.
Various defects can be studied experimentally by photolumines-
cence [12], electric measurement [13], and Raman scattering
[14], etc. Theoretically, electronic spectrum has been calculated
to study various defects. As far as we know, electronic structures
of pure SiC have been studied [15–17], and nitrogen donors in
SiC have been discussed [18]. It is found that the minimum band
gap of 3C-SiC is 2.39 eV, and the maximum band gap of 2H-SiC is
3.33 eV [19]. The band gap of 6H-SiC is in the middle and can be
modified by various defects. There exist other theoretical studies
on SiC by molecular dynamic simulations on defects in SiC [20].
Defects can act as donors or acceptors, and their charge states
can also be changed [21,22]. In the experiments, there are deep lev-
els around the Fermi level [11,23,24]. There are also some ab initio
calculations on vacancies and anti-sites in SiC [9,25].

In this paper, we focus on the ab initio studies of pseudo-stable
and the most stable forms of He or H interstitial defects and their
impacts on electronic structures. Three most common forms of
SiC, i.e., 3C-SiC [26,27], 4H-SiC [12,19], and 6H-SiC [1,28] are stud-
ied by MedeA-VASP [29–33]. The band structures as well as the
density of states (DOS) of various defects in 6H-SiC are compared.
The optical spectra of four typical stable 6H-SiC with helium (He)
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and hydrogen (H) interstitials are studied in details by MedeA-VASP
and OPTIC programs [34]. The highest phonon frequency of the
most stable form of H interstitials is also calculated by MedeA
[33]. The calculated spectra are consistent with experimental mea-
surements [35].

2. Computational approach

The calculations are carried out using density functional theory
(DFT). Geometrical optimization, band structures and density of
states, as well as phonon calculations are carried out in the frame-
work of the Perdew–Burke–Ernzerhof (PBE) generalized gradient
approximation (GGA) of the density functional method [36,37].
The default cut off energy is chosen to be 520 eV, and the default
k-mesh is chosen to be 13 � 13 � 5.

Because the VASP optic program only supports LDA [34,38], the
optimized structures using GGA are optimized again using LDA in
our calculations. Then single point energies and the optic matrix
elements are obtained in the new structures. In all optical spec-
trum calculations, we used the dense k-points of 25 � 25 � 5 to
get more accurate results.

In our calculations, the unit cell of the perfect SiC contains 24 Si
and 24 C atoms. When defects are considered, one defect is intro-
duced in this unit cell. For example, one Si or C atom can be re-
moved to form a vacancy, or one Si (C) atom can be replaced by
one C (Si) atom to form an anti-site. Also, one H or He atom can
be added to form an interstitial. Because only one defect is in-
cluded in the unit cell with 48 atoms in these calculations, the de-
fect ratio is about 2%. For the same reason, the atomic percent of H
or He as interstitials in all of our calculations is also about 2%.The
defect formation energy of VC is defined as [39]:

Ef ðVCÞ ¼ EðSi24C23Þ þ EðCgasÞ � EðSi24C24Þ � ½EðSiCÞ � EðSigasÞ

� EðCgasÞ� þ ðEA
cohðCÞ � EA

cohðSiÞÞ=2

where EðSi24C23Þ; EðSi24C24Þ; EðSiCÞ; EðSigasÞ; EðCgasÞ are calculated
with VASP, and the last term of the above equation is set to
1.37 eV [39], which is half the difference of the Si and C experimen-
tal cohesive energy. The other defect formation equations are sim-
ilar to the above equation.

The phonons are calculated by MedeA [33]. In phonon calcula-
tions, in addition to the default setting mentioned above, the inter-
action range between atoms is chosen to be 1 nm and the
displacements of atoms are chosen to be ±0.002 nm. An atomic fro-
zen technique is employed in our phonon calculations. Such atomic
frozen technique has been tested in the study of highly localized
phonon modes of oxygen molecule in CdTe system [40] and proved
to be effective. In this paper only H and its nearest neighbor C were
allowed to vibrate in phonon calculation.

3. Results and discussion

3.1. Perfect silicon carbide

The unit cell of 6H-SiC (Si24C24) is shown in Fig. 1a. The sym-
metry of Si24C24 is P-3m1. The optimized lattice constants and
other important calculated results are listed in Table 1. The cal-
culated free energy is �361.55526 eV for the 6H-SiC structure,
�361.55368 eV for corresponding 4H-SiC structure, and
�361.54250 eV for the corresponding 3C-SiC structure. Because
these calculated VASP free energies are very close, these calcu-
lated results explain well why silicon carbide forms many stable
and long-range ordered modifications, the so-called polytypes
[41]. However, although the free energies are close, the band
gaps of various structures vary in a wide range from 2.39 to
3.33 eV [19]. Since 6H-SiC structure is one of the most common

polytypes of appropriate band gap [1,41], the electronic struc-
tures of the perfect 6H-SiC and defects in the 6H-SiC are inves-
tigated. The band structure and density of states of 6H-SiC are
shown in Fig. 1b. The calculated band gap is 2.03 eV, that is low-
er than the experimental band gap of around 3 eV [1,19,42]. As
is well known, even though the density functional theory under-
estimates the band gap [43,38], the relative band gaps of differ-
ent structures are still accurate in VASP, and the underestimated
part can be adjusted by incorporating a self energy correction
[43,38]. In our calculations, a self energy correction of about
1 eV is included. With this correction, the calculated band gaps
of both 6H-SiC and 4H-SiC are very close to the experimental
band gaps [1,19,42].

3.2. Vacancies and anti-sites in silicon carbide

Carbon vacancy (VC): A carbon atom closest to the center of the
unit cell in Fig. 1a is removed to form a carbon vacancy (VC). The
defect formation energy of the optimized structure with VC is very
high, up to 7.04 eV as shown in Table 1. The ionization potential
of C is only 11.26 eV [44]. This indicates that the binding of C
atom in SiC is very strong that explains why melting point of
SiC is high. The corresponding band structure is shown in
Fig. 2a. By adding 1.0 eV of self energy correction, our calculated
band gaps of 6H-SiC with and without VC are 3.30 eV and 3.03 eV,
respectively. This suggests defect can significantly modify the
perfect 6H-SiC band gap by about 0.27 eV. It seems that the band
gap of VC in 6H-SiC (3.30 eV) can comparable with the top exper-
imental band gap of the pure 2H-SiC (3.33 eV) [19,45,46]. Carbon
vacancy produces two shallow donor levels near the conduction
band and one deep level in the gap. The VC acts like a hole. Fermi
level is close to the conduction band. This is consistent with the
calculations by Li [22].

Silicon vacancy (VSi): A silicon atom closest to the center of the
unit cell in Fig. 1a is removed to form a silicon vacancy (VSi). The
calculated band structure is shown in Fig. 2b. As shown in
Fig. 2b, there are also three impurity bands: two above and one be-
low the Fermi level. The band gap of SiC with VSi is less than that
with VC. The Si vacancy is almost neutral. The Fermi level is almost
in the middle of the band gap. The atom locations do not change
much after relaxation. From Table 1, we can see that both types
of vacancies, VC and VSi, raise the band gap, and both types of
vacancies produce three impurity levels. The formation energies
of both are very high, and the impurity levels are from dangling
bonds near the vacancy.

Anti-site (SiC): A carbon atom closest to the center of the unit cell
in Fig. 1a is replaced by a silicon atom to form an anti-site (SiC). The
band structure is shown in Fig. 2c. There is one shallow band above
Fermi level and there are two bands below Fermi level.

Anti-site (CSi): A silicon atom closest to the center of the unit cell
in Fig. 1a is replaced by a carbon atom to form an anti-site (CSi). The
band structures are shown in Fig. 2d. There are two impurity
bands. There does not appear to be any impurity bands near Fermi
level for this type of anti-site.

From above results, we can see that the formation energies of
both vacancies are high, that is consistent with the results of others
that the displacement of an atom from its lattice site requires very
high energy [4]. Both types of anti-sites reduce the band gap. The
anti-site CSi is much more stable than vacancies. That is because
the formation of tetrahedral bonds is energetically favorable for
both C and Si atoms. Since C is more electronically negative than
Si, and the bonding of C–C is relatively stronger than the bonding
of C–Si, the formation energy of CSi is much less than SiC and the
two vacancies. This explains why the stability of CSi in SiC after
annealing is found in electron paramagnetic resonance experiment
[17].
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