
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Carbon tri-interstitial defect: A model for the D_{II} center
Chao Jiang, Dane Morgan, and Izabela Szlufarska

Phys. Rev. B 86, 144118 — Published 31 October 2012
DOI: 10.1103/PhysRevB.86.144118

http://dx.doi.org/10.1103/PhysRevB.86.144118


 1

Carbon tri-interstitial defect: A model for the DII center 
 

Chao Jiang*, Dane Morgan†, and Izabela Szlufarska‡ 
Department of Materials Science and Engineering, University of Wisconsin, Madison, WI 53706, USA 

 
Abstract 

Using a combination of random configuration sampling, molecular dynamics simulated 

annealing with empirical potential, and ensuing structural refinement by first-principles 

density functional calculations, we perform an extensive ground-state search for the most 

stable configurations of small carbon interstitial clusters in SiC. Our search reveals a 

“magic” cluster number of 3 atoms, where the formation energy per interstitial shows a 

distinct minimum. A carbon tri-interstitial cluster with trigonal C3v symmetry is 

discovered, in which all carbon atoms are fourfold coordinated. In addition to its special 

thermodynamic stability, its localized vibrational modes are also in a very good 

agreement with the experimental photoluminescence spectra of the DII center in both 3C- 

and 4H-SiC. The DII center is one of the most persistent defects in SiC and we propose 

that the discovered carbon tri-interstitial is responsible for this center. 
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I. INTRODUCTION 

Silicon carbide (SiC) is a promising semiconductor for high temperature, high 

power, and high frequency devices due to its wide band gap, high thermal conductivity, 

and high electric field breakdown strength.1, 2 During dopant implantation, lattice defects 

(e.g., vacancies and interstitials) are inevitably created, which can adversely affect the 

optical and electrical properties of devices.3 Therefore, high temperature annealing is 

necessarily performed to eliminate the implantation damage. Interestingly, in SiC, several 

defects are exceptionally stable against heat treatment, and the photoluminescence (PL) 

center DII is one such example. The DII center has been observed in both ion-implanted4-6 

and electron-irradiated7 SiC samples and persists even after annealing at 1973 K. Its 

existence is independent of implanted species or SiC polytype, indicating that it is an 

intrinsic defect. Furthermore, the high annealing temperature required for the formation 

of the DII center (1473-1573 K4, 7) suggests that it is due to a defect complex. 

A fundamental understanding of the microscopic origin of the DII center is critical 

for further improvement of the fabrication and performance of SiC devices. Based on the 

observation that the DII center exhibits five localized vibrational modes (LVM’s) above 

the SiC bulk phonon spectrum (up to ~120 meV), Patrick and Choyke proposed a carbon 

di-interstitial model for the DII center.4 Later Mattausch et al.8-10 performed density 

functional theory (DFT) calculations of vibrational spectra of various defect complexes 

and suggested di-carbon antisite as a possible building block of the DII center, where two 

C atoms occupy a vacant Si site and form a dumbbell along the <001> direction. Gali et 

al.11 further speculated that a di-carbon antisite pair can be the DII center. However, to 

date, a model that can satisfactorily explain all features of the DII center is yet to be 
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found.9, 10, 12 In particular, according to PL experiments,4, 7 the DII center exhibits 5 

LVM’s in 3C-SiC and 10 LVM’s in 4H-SiC – properties that have not been successfully 

reproduced by any of the existing defect models. 

In this paper, we present findings of the ground-state (GS) configurations of small 

carbon interstitial clusters in cubic 3C-SiC obtained using classical molecular dynamics 

(MD) simulations combined with first-principles DFT calculations. Our search reveals a 

carbon tri-interstitial cluster that is energetically remarkably stable. Furthermore, its 

calculated LVM’s are in a very good agreement with the experimental PL spectra of the 

DII center in both 3C- and 4H-SiC. We therefore propose this newly discovered defect as 

a model for the DII center in SiC. 

II. METHODOLOGY 

The determination of GS configuration of a cluster of atoms can be quite 

challenging due to the existence of numerous local minima on the potential energy 

surface (PES), especially when the cluster size is large.13-15 When the cluster is embedded 

in a crystal as a defect, an additional complexity arises due to the electronic and elastic 

interactions of this cluster with the underlying lattice, which interactions can be long 

range in nature. Furthermore, in SiC, when transitions between different defect cluster 

configurations involve the breaking of strong covalent bonds, the associated energy 

barriers can be very high and therefore such transitions are unlikely to be observed in MD 

simulations due to their inherent time-scale limitations. In this study, we overcome these 

difficulties by using a combination of the random structure searching16, 17 and MD 

simulated annealing14 techniques. To allow adequate sampling of the PES, we randomly 

generate many defect cluster configurations by placing C-C split interstitials in close 



 4

proximity to each other within a perfect 216-atom cubic SiC supercell. Such a large 

supercell is necessary to prevent unphysical interactions between a defect cluster and its 

periodic images. The orientations and relative positions of these dumbbells are chosen 

randomly. To avoid being trapped in local minima, we further subject these random 

initial configurations to MD simulated annealing using a recently developed 

environment-dependent inter-atomic potential (EDIP) for SiC,18 which we have 

implemented in Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS).19 The EDIP potential is chosen since it provides a good description of 

energetics of point and extended defects,18, 20 which is particularly important for our 

study. Simulations are performed in the NVT ensemble with a Nose-Hoover thermostat 

for temperature control and a time step of 1 fs. The system is first annealed at a high 

starting temperature of 2000 K for 10 ps, and then gradually cooled down to 300 K over 

the period of 1 ns. An energy minimization using the conjugate gradient (CG) scheme is 

performed to obtain the final relaxed configurations. 

Our search unveils many distinct defect cluster structures in SiC, the majority of 

which have not been previously identified. This finding highlights the complexity of the 

PES of SiC, showing it to be similar in complexity to that found in Si.21-23 In fact, due to 

the presence of two atomic species in SiC, its PES can be much more complicated than 

pure Si. Although the EDIP potential may not perfectly agree with DFT, it provides a 

good starting point for ensuing structural refinements. Among the pool of candidate 

structures from MD simulated annealing, the ones with low formation energies (not 

necessarily the GS according to EDIP) are further re-optimized using DFT calculations 

within the local density approximation, as implemented in Vienna Ab initio simulation 
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package (VASP).24 The electron-ion interactions are described by the projector-

augmented wave (PAW) method.25 We use PAW pseudopotentials with valence electron 

configurations of 2s22p2 for C and 3s23p2 for Si. The cutoff energy for plane wave basis 

sets is set at 500 eV. For Brillouin zone sampling, a 2×2×2 Monkhorst–Pack k-point 

mesh is used for the 216-atom supercells. By computing the quantum mechanical 

Hellmann-Feynman forces, all internal atomic positions are fully optimized using CG 

method until forces are less than 0.02 eV/Å. 

III. RESULTS AND DISCUSSION 

In Table I, we show the DFT calculated binding energies (BE’s) of small carbon 

interstitial clusters (In, n≤4) in both GS and metastable configurations. Comparisons with 

previous studies10, 11 are made, when possible. Here BE is defined as the energy required 

to fully dissociate In into n non-interacting C split-interstitials in the tilted <001> 

configuration.10 For a given cluster size n, the GS structure corresponds to the one with 

the highest BE. For I2, we find that the GS structure is formed by two C interstitials 

occupying the bond-center (BC) positions between Si and C atoms, hereinafter referred to 

as (CBC)2 [Fig. 1(a)]. This finding is in agreement with previous studies by Mattausch et 

al.10 and Gali et al.11 A particularly interesting result of our study is the discovery of a tri-

interstitial cluster configuration in C3v symmetry with the C3 rotation axis along the 

<111> direction ([0001] in 4H-SiC), which is shown in Fig. 1(b).26 This structure has 

been previously unknown. Here, the three C interstitials occupy BC positions 

(approximately in the middle of the original Si-C bonds) and form an equilateral triangle 

parallel to the {111} plane ((0001) in 4H-SiC). We therefore refer to it as the (CBC)3 

defect. The C-C distance in the triangle is 1.54 Å, which is identical to the equilibrium C-
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C bond length in diamond. Each of the three C atoms in the ring also forms a strong C-C 

bond with a lattice C atom with a shorter bond length of 1.47 Å. From Table I, it can be 

seen that (CBC)3 is 3.69 eV more stable than the previously known GS of I3, designated as 

(Csp)3,10, 27 making (CBC)3 the new GS of I3. As shown in Fig. 1(d), (Csp)3 consists of three 

neighboring C-C <001> split interstitials tilted towards each other. Interestingly, all 

atoms in (CBC)3 are fourfold coordinated (sp3 hybridized), while the (Csp)3 configuration 

contains two dangling bonds, which may explain the exceptional stability of the former. 

For I4, our predicted GS structure is identical to the previously known (Csp)4 

configuration [Fig. 1(c)] predicted by Mattausch et al.10 In addition, we find several 

previously unidentified metastable structures that are energetically competitive, including 

a tri-pentagon structure [Fig. 1(e)] and a chainlike structure [Fig. 1(f)], both within the 

{111} plane of SiC. Note that since all bonds in (CBC)3 are already saturated, we do not 

find any energetically favorable I4 structures by adding another C interstitial to (CBC)3. 

For n>4, the number of local minima on the PES increases rapidly and the many specific 

structures are not shown here for brevity. 

Figure 2 shows DFT calculated formation energies (per interstitial) of small carbon 

interstitial clusters (In, n≤5) in their respective GS configurations in 3C-SiC. For all these 

clusters, our spin-polarized calculations lead to a non-magnetic state. The defect 

formation energy is defined as:28, 29 

ΔE f = Edefect − nSiμSi − nCμC + q(εVBM + ΔεF )                                                        (1) 

where Edefect  is the total energy of a supercell containing a defect in charge state q. ni  and 

μi  denote the number and chemical potential of species i (i=Si, C), respectively. ΔεF  is 

the Fermi level relative to εVBM , the valence band maximum of perfect SiC. The neutral 
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charge state is assumed for all clusters in our study. This assumption is consistent with 

previous findings for both I2 and I4, whose GS structures are electrically neutral for all 

values of the Fermi level.27 To ensure that the (CBC)3 cluster can be treated as neutral, we 

have calculated its formation energies in charge states from -3 to +3. To overcome the 

band gap errors inherent in standard DFT functionals, we employ the Heyd-Scuseria-

Ernzerhof (HSE06) screened hybrid functional.30 For charged systems, the monopole 

correction according to Leslie and Gillan31 is applied. Our calculations indicate that the 

(CBC)3 cluster is neutral (q=0) under most conditions ( ΔεF >0.23 eV), which justifies our 

focus on its neutral energetics and vibrational modes in this work. For the chemical 

potentials of pure elements, the C-rich condition is chosen,32 although our conclusions do 

not depend on such a particular choice. Remarkably, the formation energy per interstitial 

exhibits a strong minimum at “magic” size n=3, indicating that our newly found (CBC)3 

defect is particularly stable in SiC. Interesting “magic” sizes of defect clusters have also 

been found in pure Si.22, 33 To rule out the possibility that such a minimum is a 

computational artifact, we have performed additional calculations employing larger 512-

atom supercells as well as Perdew-Burke-Ernzerhof generalized gradient approximation 

(GGA).34 We find that the special stability of (CBC)3 is not due to a particular choice of 

exchange-correlation functional or supercell size, and therefore should represent real 

physics. 

In view of the special stability of (CBC)3, we further explore the possibility that this 

defect can be a model for the DII center by calculating its LVM’s in both 3C- and 4H-

SiC, where experimental PL spectra of the DII center have been reported.4, 7 One 

fascinating feature of SiC is its ability to crystallize in many different polytypes, 
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depending on the stacking of Si-C bi-layers. In 3C- and 4H-SiC, the stacking sequences 

are ABC and ABAC, respectively. In 4H-SiC, two possible (CBC)3 configurations can 

exist, depending on whether the defect cluster resides in a cubic (k) or hexagonal (h) bi-

layer. In contrast, only the cubic configuration is present in 3C-SiC. Large 216- and 256-

atom supercells are used to obtain the LVM’s of (CBC)3 in 3C- and 4H-SiC, respectively. 

We adopt the defect molecule approximation9, 10 and constrain our LVM calculations to 

approximately 22 atoms, including the defect cluster itself and its nearest neighbors, with 

all other atoms rigidly constrained during such calculations. According to Mattausch et 

al.,9 such an approximation only affects the least localized modes that fall close to the 

bulk phonon spectrum. The vibrational frequencies are obtained from the eigenvalues of 

the Hessian matrix constructed using central difference method and a small displacement 

of ±0.02 Å. 

Our calculated LVM’s of (CBC)3 are summarized in Table II and in Fig. 3, together 

with those of the previously proposed candidates for the DII center. A group theory 

analysis reveals that the seven LVM’s of (CBC)3 consist of three A1 modes and two 

doubly degenerate E modes. All seven modes are both Raman and infrared active. For di-

carbon antisite (C2)Si in the high-spin (hs) state, our calculated LVM’s agree well with the 

previous calculations by Mattausch et al.9, 10 reported for the same defect. As was pointed 

out by Mattausch et al.,9, 10 di-carbon antisite pair [(C2)Si]2 shows a small splitting of the 

two highest LVM’s, which is not observed experimentally.4 In contrast, the two highest 

LVM’s of (CBC)3 are found to be degenerate, consistently with the aforementioned 

symmetry of this cluster. As shown in Fig. 4, both modes involve the tilting of the three-

atom ring in (CBC)3. In one mode, two atoms in the ring move in the same direction, with 
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the third atom moving in the opposite direction. In the other mode, one atom remains 

stationary with the two other atoms oscillating in opposite directions. In 3C-SiC, while 

both (C2)Si in the low-spin (ls) state and (CBC)3 each produce 5 LVM’s above the bulk 

continuum compatible with experiments,4 the r.m.s. error from experiments is somewhat 

smaller for (CBC)3 (3.6 meV) than for (C2)Si-ls (8.5 meV). The advantage of the new 

(CBC)3 model over the previously proposed (C2)Si-ls model is more apparent in 4H-SiC, 

where the latter defect produces only 8 LVM’s above the bulk spectrum instead of the 10 

LVM’s observed experimentally.7 In contrast, (CBC)3 can produce 10 LVM’s by 

combining modes from cubic and hexagonal configurations of the defect. As shown in 

Fig. 3(b), the LVM’s of (CBC)3 are also in very good quantitative agreement with 

experimental values for the DII center (r.m.s. error of 2.6 meV). In addition, since (CBC)3-

k exhibits almost identical LVM’s in both 3C- and 4H-SiC, it can be the origin of the five 

“universal” DII phonon modes observed throughout the different polytypes of SiC. 

From Table I, the dissociation energy (see Ref. 10 for definition) of (CBC)3 is 

calculated to be 4.36-6.71 eV, depending on the final configuration of the carbon di-

interstitial. This value is higher than that of the di-carbon antisite (4.1 eV10), and is 

consistent with the observed high thermal stability of the DII center.4 In this study, we 

have further subjected the (CBC)3 defect to ab initio MD simulations at a very high 

temperature of 3000 K for a total duration of 15 ps. Simulations are performed in a 

canonical ensemble with a Nose-Hoover thermostat and a time step of 1 fs. Only the Γ 

point is used to sample the Brillion zone, and the plane-wave cutoff energy is reduced to 

400 eV. During the time of our simulations, we do not observe any dissociation, 
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reconfiguration, or diffusion of this defect cluster, which provides another line of 

evidence for the high thermal stability of (CBC)3. 

IV. CONCLUSIONS 

To summarize, using a combination of random configuration sampling, molecular 

dynamics simulated annealing, and first-principles structural refinements, we have 

discovered a carbon tri-interstitial cluster that is particularly stable in SiC and leads to a 

distinct minimum of the cluster formation energy (per interstitial). Furthermore, this 

defect complex exhibits high thermal stability, and the numbers and frequencies of its 

localized vibrational modes match well with the DII PL spectra measured experimentally 

in 3C- and 4H-SiC. We thus propose that the newly found defect cluster is responsible for 

the persistent DII center in SiC. Discovery of the nature of the most stable defect clusters 

in SiC is critical for semiconductor applications of 4H-SiC (as argued in introductory 

paragraphs), as well as for structural nuclear applications where evolution of radiation-

induced defects in 3C-SiC is an active area of research.35 
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TABLE I. First-principles calculated binding energies of small carbon interstitial clusters 

in 3C-SiC. Defects in the neutral charge state are considered. 

n Cluster structure 
Binding Energy (eV per cluster) 

This study Ref. 10 Ref. 11 

2 (CBC)2 5.16 4.8 5.3 
(Csp)2 2.81 2.8 2.9 

3 (CBC)3 9.52 - - 
(Csp)3 5.83 5.8 - 

4 

(Csp)4 12.37 11.5 - 
[(C2)hex]2 10.09 9.2 - 

Tri-Pentagon 10.76 - - 
Chainlike 10.67 - - 
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TABLE II. First-principles calculated LVM’s (in meV) of carbon clusters in 3C- and 4H-

SiC. The number in the square brackets gives the degeneracy of the corresponding mode. 

For (C2)Si, results for both the high-spin (hs) and low-spin (ls) states are given. Only 

modes above the bulk spectrum are shown. In the present study, the bulk phonon limit of 

3C- and 4H-SiC is calculated to be 118.2 and 117.5 meV, respectively. 

Mode 
3C 4H 

(CBC)3 (C2)Si-hs (C2)Si-hsa (C2)Si-lsa [(C2)Si]2
a [(C2)Si]2

b Exp.c (CBC)3-h (CBC)3-k Exp.d 
1 160.4 [2] 173.5 177.5 177.5 169.7 165 164.7 164.8 [2] 159.3 [2] 164.1 
2 156.7 141.0 [2] 141.8 [2] 148.3 168.6 163 152.2 160.1 157.0 160.0 
3 145.3 121.3 123.2 139.4 139.3 147 146.3 147.7 145.8 156.8 
4 135.7   128.5 127.1 132 130.9 135.3 135.7 153.9 
5 126.8 [2]   116.4 125.6 121 127.8 127.9 [2] 125.7 [2] 148.7 
6     123.3 120    145.9 
7          141.9 
8          137.1 
9          126.9 

10          123.8 
afrom Ref. 9 
bfrom Ref. 11 
cfrom Ref. 4 
dfrom Ref. 7 
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FIG. 1 First-principles refined ground state structures of small carbon interstitial clusters 

in 3C-SiC: (a) (CBC)2, (b) (CBC)3, and (c) (Csp)4. The metastable (d) (Csp)3, (e) tri-

pentagon, and (f) chainlike configurations are also shown. Large and small spheres 

represent Si and C atoms, respectively. 
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FIG. 2 First-principles calculated formation energies (per interstitial) of small carbon 

interstitial clusters in the neutral charge state as a function of cluster size. Formation 

energies are given by Eq. (1) in the text. 
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FIG. 3 Calculated LVM’s of several possible structure models for the DII center in (a) 

3C-SiC and (b) 4H-SiC, in comparison with experimental data from Refs. 4 and 7. 

Results for (C2)Si and [(C2)Si]2 are from Ref. 9. Red and green lines represent LVM’s of 

defect clusters in cubic and hexagonal environments, respectively. 
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FIG. 4 The two highest frequency local vibrational modes of (CBC)3 in 3C-SiC. Large 

and small spheres represent Si and C atoms, respectively. 

 


