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Abstract. We report results from density-functional plane-wave pseudopotential
calculations for carbon and silicon self-interstitials in cubic silicon carbide (3C-
SiC). Several initial ionic configurations are used in the search for the global total-
energy minimum including tetragonal, split [100] and split [110] geometries. Neutral
carbon interstitials are found to have several nearly degenerate total-energy minima
configurations in split-interstitial geometries, with formation energies ranging —
besides higher metastable ones — from 6.3 to 6.7 eV in stoichiometric SiC. In contrast,
the neutral silicon interstitials have a clear single minimum total-energy configuration
at the tetrahedral configuration with carbon nearest neighbours, exhibiting a formation
energy of 6.0 eV. The split interstitial in the [110] direction at silicon site and the
tetrahedral configuration with silicon nearest neighbours are metastable and have
significantly higher formation energies. The present calculations indicate that the
carbon interstitial introduces deep levels in the band gap while the silicon interstitial
at the tetrahedral site behaves like a shallow donor.
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1. Introduction

One of the most important questions in semiconductor device manufacturing is related to

the control of the diffusion of dopant atoms and lattice defects during the crystal growth

and subsequent processing. Knowing the diffusion mechanisms opens up the way to

adjust the processing parameters, such as temperatures, to an optimum. The diffusion

of impurity and dopant atoms, as well as the self-diffusion, is known to be usually

mediated by lattice defects. Therefore, it is first necessary to identify the relevant point

defects and then determine their diffusion mechanisms with the corresponding migration

barriers. Together with experiments on irradiated samples, theoretical calculations of

defect properties are an important tool for this task.

At the moment, a complete picture of the diffusion mechanisms in silicon carbide is

lacking. It is not clear by which kind of point defects the self-diffusion is mediated. Even

in the much simpler case of bulk silicon it took more than 20 years to obtain a generally

agreeable picture, in which both vacancies and interstitials mediate self-diffusion, while

still now some open questions remain [1]. But how much more complicated is the

situation for a compound semiconductor like SiC? Experimental studies indicate that

the annealing of vacancy-type defects created by irradiation on the carbon sublattice

occurs at about 150 ◦C [2, 3], while the vacancies on the silicon sublattice are becoming

mobile at about 750 ◦C [2, 3, 4, 5]. Since the formation energies of carbon and silicon

vacancies are about 4 and 8 eV, according to recent calculations [6, 7, 8], respectively,

for charge-neutral defects in stoichiometric material, it does not seem likely that these

point defects are solely responsible for the self-diffusion. As in the case of bulk silicon

the self-interstitials may play a vital role [1].

It has been observed that the self-diffusion coefficient for interstitial Si atoms in

SiC is about ten times higher than for C interstitials [9]. Further, it is known that

the self-diffusion coefficient in p-type SiC is higher than in n-type material [9, 10],

possibly indicating that the migration mechanism involves positively charged defects.

Interstitials in electron-irradiated 6H-SiC have been studied by Ewans et al [11] using

low-temperature photoluminescense spectroscopy, by Son et al [12], and Sörman et al

[5] employing EPR and photoluminescense measurements.

Theoretical studies of interstitials have been previously performed by Wang et al

[13] and Bochstedte et al [7, 14] using ab initio methods, and by Rauls et al [15]

using a density functional based tight-binding approximation. Several carbon interstitial

configurations were calculated in Refs. [7, 14] using an accurate first-principles plane-

wave pseudopotential (PWPP) method in 3C-SiC (64 atomic sites supercell) and 4H-

SiC (128 atomic sites supercell). Rauls et al. [15] studied carbon interstitial diffusion

paths in 4H-SiC. Additionally, the hyperfine parameters have been calculated for a

better identification of several EPR centers [16, 17]. However, in total relatively few

theoretical or experimental studies regarding the physical properties of interstitials in

SiC have been published so far, and there does not exist a complete picture of the

microscopic structures or migration paths regarding interstitials in SiC.



Self-Interstitials in 3C-SiC 3

In this Paper, we present an ab initio characterization of self-interstitials in 3C-SiC.

This work can be considered as a direct continuation of the comprehensive ab initio study

of the properties of monovacancies and antisites in 4H-SiC reported earlier [8]. Since the

computational methods are exactly the same as in the reference [8], a direct comparison

of the results, for example the formation energies for different defects, is possible. In

brief, we have used the plane-wave pseudopotential (PWPP) method [18, 19, 20], where

the exchange-correlation functional of the many-body electron-electron interaction is

described within the local-density approximation (LDA) [21]. All the calculations are

performed using large 128 atomic sites FCC supercells. The first Brillouin zone is

sampled using the Γ-point. We report the formation energies [22] with and without a

Madelung-type correction for charged defects [23], facilitating a direct comparison with

previous calculations and experiment. Further computational details can be found in

references [8] and [24].

2. Interstitial geometries

The search for the global minimum-energy ion configuration is in general a complex

problem. In semiconductors the minimum-total energy configuration depends on the

charge state of the defect, i.e. the position of the electron chemical potential, which

in turn is controlled not only by doping (and temperature) in actual semiconductor

materials, but also by charged defects provided that their density exeeds the doping

concentration. We have taken the approach of using several initial configurations

followed by total energy minimization with respect to ionic degrees of freedom using

the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. We refer the lowest total-

energy configuration found as stable, and the other total-energy configurations where

the BFGS algorithm converged from different initial configurations as metastable.

Local vibrational mode calculations or dynamic stability analysis for the different final

configurations were not performed. The advantage of a direct energy minimization,

besides reducing the computational cost compared to other methods such as simulated

annealing, is that one also maps out several of the metastable configurations.

The most common symmetric initial configurations for interstitials in the diamond

lattice can be represented in the plane of the zigzag chains in the [110] direction, shown

in figure 1. In the zinc blende 3C-SiC the number of corresponding initial configurations

roughly quadruples, as we can have either carbon or silicon atoms at either carbon or

silicon (surrounded) site. We use the notation in which the original ion in the split-

interstitial configuration is given in parenthesis. The notation for the carbon [100] split

interstitial at the silicon site is SC(Si), for example. For interstitials occupying the open

volume configurations in the lattice (T ,H), the nearest-neighbor ions are indicated in

parenthesis, for example the carbon in the tetrahedral position with silicon nearest

neighbours is TC(Si). The initial configurations for the ionic relaxation and the final

geometries reached are summarized in table 1.

We find several energetically nearly degenerate split-interstitial configurations for
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Figure 1. The most common symmetric interstital configurations in the diamond
lattice shown in the plane of the [110] zigzag chains. Interstitials are shown as open
circles. Two split interstitials sharing a lattice site with original ions along [100] and
[110] direction are labelled with S and X, respectively. Interstitials occupying open
volumes at tetrahedral and hexagonal sites are labelled with T and H, respectively. The
bond centered initial configuration B is not expected to be relevant for self-interstitials,
and is not considered in this work.

the neutral carbon interstitial. The geometry of the lowest total-energy configuration

WC is a mixture between XC(Si) and SC(C) geometries, shown in figure 2. The total energy

of the WC configuration is only 0.2 and 0.4 eV below SC(Si) and XC(C) configurations,

respectively (table 2). The lattice relaxations remain in the plane of the [110]-zigzag

chains for the final geometries except for the SC(Si) configuration.

The hexagonal site HC was also found to be metastable, but with 1.3 eV higher

total energy than the stable split-interstitial configuration. The calculated bond length

of sp2 type carbon-carbon bonds in HC configuration is 1.6 Å, which can be compared

to the experimental graphite carbon-carbon sp2-bond length of 1.42 Å. The hexagonal

configuration was earlier discussed by Rauls et al [15].

The stable structure for neutral silicon interstitials in the 128 atomic sites FCC

supercell is at the tetrahedral configuration with carbon nearest neighbors TSi(C). The

only metastable configurations found, the split interstitial in the [110] direction at the

silicon site XSi(Si) and the tetrahedral interstitial with silicon nearest neighbours TSi(Si),

have 1.4 and 2.4 eV higher total energies, respectively.
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Figure 2. The final relaxed ion positions of the stable carbon interstitial configuration
WC in the plane of the [110]-zigzag chain. The relaxations out of the plane of the zigzag
chain are smaller than 0.2×10−3 Å for the ions shown. Open circles indicate the ideal
positions for comparison.

Table 1. Summary of the initial configurations for the ionic relaxations and the
reached (meta)stable configurations.

Initial conf. Final conf. Comment about the final conf.

TC(Si) → SC(Si) metastable
TC(C) → HC metastable, high EF, sp2-bonds
SC(Si) → SC(Si) metastable
SC(C) → WC stable
XC(Si) → WC stable
XC(C) → XC(C) metastable, C=C dimer

TSi(Si) → TSi(Si) metastable, high EF

TSi(C) → TSi(C) stable
SSi(Si) → TSi(C) stable
SSi(C) → TSi(C) stable
XSi(Si) → XSi(Si) metastable
XSi(C) → TSi(C) stable

3. Formation energies and ionization levels

The formation energy of a defect EF in the charge state q as a function of the electron

chemical potential µe measured from the top of the valence band (EV) is calculated from

EF = Etot(q) + q(EV + µe)−
∑

s=C,Si

nsµs, (1)

where Etot(q) is the total energy of the supercell containing the defect, ns is the number

of silicon (carbon) ions in the supercell, and µs is the chemical potential of silicon

(carbon) ions [22]. Here, we report the formation energies in stoichiometric SiC [8], since

SiC crystals are usually grown under conditions which do not deviate significantly from

ideal stoichiometry. The calculation of the total energies of charged isolated defects

using the supercell approximation induces an error which is estimated and corrected

using a first order Madelung-type correction ∆E = 0.2 q2 eV for the 128 atomic site

FCC supercell [23]. The formation energy plots are drawn within the experimental
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Table 2. Calculated formation energies (in eV) for neutral interstitials in stable and
metastable configurations for stoichiometric (∆µ = 0) 3C-SiC.

C interstitial formation energy Si interstitial formation energy
geometry (EF) geometry (EF)

WC 6.3 TSi(C) 6.0
SC(Si) 6.5 XSi(Si) 7.4
XC(C) 6.7 TSi(Si) 8.4
HC 7.6

3C-SiC band gap 2.39 eV. The calculated Kohn-Sham (KS) eigenvalue gap in 3C-SiC,

1.30 eV, is consistent with the usual roughly 50 % LDA band gap underestimation. The

defect ionization levels are defined as the values of the electron chemical potential µe in

which the thermodymamically most stable charge state changes.

The formation energies of neutral interstitials in the stable and metastable

configurations are shown in table 2. All neutral interstitial configurations have relatively

high formation energies, varying from 6 to 8.4 eV in stoichiometric 3C-SiC. Such

high values indicate that neutral interstitials are probably found as native defects

only in small concentrations in SiC. However, in irradiated material, it is possible to

observe larger densities of frozen-in interstitials which are formed during the irradiation.

However, the formation energies of the neutral interstitials are comparable, or below that

of the silicon monovacancy in SiC, which is calculated to be about 8 eV [8].

The formation energies for the stable geometries for carbon and silicon interstitials

in different charge states are presented in figure 3, both with and without the Madelung

correction. The carbon interstitial introduces defect levels in the energy gap, of which

the positions can be estimated from figure 3, panels a) and c). The results of the silicon

interstitial calculations, presented in figure 3, require a critical interpretation, which will

be given in the following discussion.

4. Discussion

The purpose of the ionization level calculations is to acquire information which can

be compared to experiments. A typical defect concentration in experiments, for

example 1017 cm−3, corresponds to an average separation of the individual defects by

roughly 100 Å. Since the defect-defect distance is large, the defects do not interact

significantly and can be considered as isolated. The distances from a defect to its

periodic images in the computational method used, the supercell approximation, are

necessarily considerably shorter. The results calculated using the supercell model

structure can be compared to experimental results for isolated defects provided that

the defects in the supercell calculation are strictly localized within a supercell and

do not interact significantly. Examples of potentially well localized defects are deep

levels in semiconductors. On the other hand, compared to the experimantally accessible
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Figure 3. The The formation energies for the stable geometries for carbon and silicon
interstitials in different charge states. The panels a) and b) ignore Madelung correction,
while panels c) and d) include it.
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meV precission, the supercell method is not suitable for an accurate determination of

ionization levels of shallow donors or acceptors having extended (hydrogen-like) levels,

which are energetically near the band edges.

The original choice of the FCC supercell [8] for the calculations in 3C-polytype

is somewhat unfortunate in the case of defects inducing large ionic replacements, as

the elastically rigid [110] zigzag-chains directly connect the defects to their periodic

images [25]. This, in together with the defect band dispersion, the Γ-point sampling of

the first Brillouin zone, and the small energy gap of 3C structure compared to 4H and 6H

structures, may result in an incorrect description of the ionic and electronic structures

even when using moderately sized supercells [26]. Intuitively, and based on the ab inito

calculations in the 4H-polytype [27], one would expect that the stable structure of the

silicon interstitial in 3C-SiC would be a split configuration as well.

A clear example of a delocalized state and how it manifests itself in a typical

formation energy plot can be seen in the case of silicon interstitial. The results without

the Madelung correction indicate that the energy to add electrons to the defect states,

supposed to be localized, is zero. This cannot be explained by physical reasons, such

as the lattice relaxations in the case for silicon vacancy in silicon, which exhibits a

negative-effective-U effect. In fact, the electron which is added to the supercell does

not end up in a localized defect state, but instead goes to a delocalized conduction

band-like state. In the formation energy plots, such as in figure 3, panels b) and d),

this manifests itself as ionization levels appearing near the bottom of the conduction

band of the Kohn-Sham LDA eigenvalues. Under visual inspection, the corresponding

charge densities of the highest occupied Kohn-Sham orbitals are spread throughout the

supercell. In addition, the use of the Madelung correction for the delocalized defect

states violates the basic assumption in the derivation of the correction that the defect

charge should be strictly localized within the supercell. To conclude, based on the 128

atomic sites supercell results we can at the best say that the silicon interstitial at the

tetrahedral site in 3C-SiC behaves like a shallow donor.

5. Summary

In summary, we have characterized the self-interstitials in 3C-SiC using a density

functional plane-wave pseudopotential method. The formation energies for the neutral

carbon and silicon interstitials in stoichiometric material are 6.3 and 6.0 eV, respectively.

The minimum total energy configuration found for the carbon interstitial is a mixture

between XC(Si) and SC(C), here called WC. The other (metastable) carbon split-

interstitial configurations have total energies which are only 0.2–0.4 eV above the stable

WC structure, while the metastable hexagonal position is found to be 1.3 eV higher in

energy. The stable configuration for the silicon interstitial is at the tetrahedral site with

carbon nearest neighbours, while the two metastable configurations at XSi(Si) and TSi(Si)

are 1.4 and 2.4 eV higher in total energy, respectively.

The carbon interstitial is likely to introduce deep levels in the energy gap, while
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the silicon interstitial behaves like a shallow donor. The size of the model system in the

present supercell calculations, especially for the silicon interstitial, may not be sufficient

to describe for the long range relaxation in full. Also, the actual order of the nearly

degenerate carbon split-interstitial configurations may have to be verified using even

larger model-systems calculations or experimental methods such as EPR. Nevertheless,

the formation energies for all interstitial are above 6.0 eV in stoichiometric material and,

hence, are just inbetween the formation energies for carbon and silicon vacancies. The

present calculations do not rule out either vacancy or interstital self-diffusion mechanims,

and suggest that the dominant mechanism depends on the stoichiometry of the material

and the position of the electron chemical potential.
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