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Defect qubits in 4H-SiC are outstanding candidates for numerous applications in the rapidly emerging field of
quantum technology. Carbon clusters can act as emission sources that may appear after thermal oxidation of 4H-
SiC or during irradiation, which kicks out carbon atoms from their sites. These fluorescent carbon clusters could
interfere with the already established vacancy-related qubits that generated with irradiation techniques. In this
study, we systematically investigate the electronic structure, formation energy, dissociation energy, vibrational
properties, and the full fluorescence spectrum of carbon clusters involving up to four carbon atoms in 4H-SiC by
means of density functional theory calculations. All the possible local configurations for these carbon clusters
are carefully evaluated. We find the electronic and vibronic properties of the carbon clusters depend strongly on
the local configuration of the 4H-SiC lattice. By comparing the calculated and previously observed fluorescence
spectra in 4H-SiC, we identify several carbon clusters as stable visible emitters in 4H-SiC. The paired carbon
interstitial defects are identified as the source of the 463-nm triplet and the 456.6-nm emitters. The 471.8-nm
emitter in 4H-SiC is associated with tricarbon antisite clusters. Our findings provide plausible explanation for
the origin of visible emission lines in 4H-SiC and propose the possible configurations of carbon clusters, which
are helpful for the quantum information processing application through qubits in 4H-SiC.
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I. INTRODUCTION

Fluorescent paramagnetic point defects in solids have
attracted a great deal of attention as they can act as single-
photon sources and quantum bits [1] that are the base of
realizing quantum information processing applications.

Silicon carbide (SiC), which is an established material for
semiconductor industry, has been considered as an attractive
material for quantum information processing. In particular,
the 4H polytype of SiC (4H-SiC) with the fundamental band
gap of 3.23 eV at cryogenic temperatures acts as a favorable
host for color centers, which is the most advanced polytype
among the SiC polytypes from technology point of view [2,3].
In 4H-SiC, there are two types of Si-C bilayer arrangements
called as hexagonal (h) and quasicubic (k) sites, thus a single
type of substitutional or vacancy defect has two configura-
tions, h and k configurations, whereas pairs of substitutional or
vacancy defects have four different configurations. For inter-
stitial defects, one may also label the configurations according
to the position of the interstitial atom in the corresponding
Si-C bilayer inside 4H-SiC.

Several defects in 4H-SiC are reported to act as a single
photon source operating up to room temperature such as sil-
icon vacancy (VSi) with the characteristic zero-phonon lines
(ZPLs) at 1.438 and 1.352 eV [4,5] and divacancy (VSi-VC)
with the ZPLs at 1.095, 1.096, 1.119, and 1.150 eV [6,7].
They exhibit several desirable magneto-optical properties,
which makes it possible to coherently manipulate single spins
[8–10].

Beside these solid-state defect qubits, other photolumines-
cence (PL) centers, e.g., the DI [11], DII [12,13], and the
463-nm triplet [14,15], were detected in electron irradiated
and implanted 4H-SiC samples, which were associated with
native defects [16,17]. By the calculated single-electron level
position and (quasi)local vibration modes, the involvement of
silicon antisite is suggested for the DI center [16,18], which
exhibits ZPL emission at 2.901 eV in 4H-SiC [11]. For DII

center with ZPL emission at 3.205 eV, several carbon cluster
models have been suggested [17,19,20], based on the local-
ized vibrational mode (LVM) frequencies [12]. The properties
of the 463-nm triplet emitters in 4H-SiC [14], where the
463 nm refers to the position of the ZPL wavelength of about
2.68 eV, show great similarities to the so-called P-T centers
observed in electron irradiated 6H-SiC, where the P-T centers
have ZPL energy at around 2.45 eV [21]. We note that 6H-SiC
has about 0.23 eV smaller band gap than that of 4H-SiC, and it
has two quasicubic sites, which makes the number of possible
defect configurations larger than those in 4H-SiC. Neverthe-
less, the formation conditions of these centers suggest that the
463-nm triplet color center in 4H-SiC has the same origin as
the P-T centers in 6H-SiC, where the latter PL centers were
associated with carbon split interstitials or dicarbon antisite
defects by comparing the calculated and observed LVMs in
the phonon sideband [17,19,21,22]. In electron-irradiated 6H-
SiC, the U (2.360 eV) and Z (2.417 eV) centers were also
observed [21], which were associated with tricarbon antisite
and dicarbon interstitial cluster, respectively [19,22], again

2469-9950/2023/108(8)/085201(15) 085201-1 ©2023 American Physical Society

https://orcid.org/0000-0002-4108-412X
https://orcid.org/0000-0002-8297-5199
https://orcid.org/0000-0002-3339-5470
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.085201&domain=pdf&date_stamp=2023-08-09
https://doi.org/10.1103/PhysRevB.108.085201


LI, UDVARHELYI, LI, HUANG, AND GALI PHYSICAL REVIEW B 108, 085201 (2023)

based on the calculated and observed LVMs of the given
carbon clusters.

The idea behind these carbon-related models was based
on the low-barrier migration energy of the carbon interstitials
[23–25] where the migrating carbon interstitials may join to
form carbon clusters. These clusters can act as sinks for car-
bon self-interstitials at lower temperatures (aggregation), and
they can reemit carbon self-interstitials at higher temperatures
(dissociation). In these theoretical studies [17,19,20,22], only
the high-energy LVMs were calculated and compared to the
features in the PL spectra associated with the LVMs of the PL
centers. However, it is known that the intensity of the LVMs in
the PL spectra depends on the change of the geometry recon-
figuration upon optical excitation, thus the association based
on solely the calculated LVMs is ambiguous. Furthermore,
the possible variations and stability of the carbon clusters in
different local configurations of 4H-SiC crystal, i.e., alternat-
ing h and k configurations, were often ignored in previous
theoretical studies.

In this paper, we systematically investigate clusters of
carbon interstitials and antisites in 4H-SiC. To this end, we
calculate the defect level (DL), formation energy, dissoci-
ation energy, vibrational properties, fluorescence spectrum
with ZPL energy and phonon sideband where we focus our
study on the near-infrared and visible carbon-related emitters.
Therefore, identification of DI and DII fluorescent centers is
out of the scope of the present study. Our paper is organized
as follows. We describe the computational methodology in
Sec. II, including the methodology of the ab initio density
functional theory calculations, briefly description of forma-
tion energy, dissociation energy, and Huang-Rhys theory. In
Sec. III, we present the results for interstitial and antisite clus-
ters in detail and illustrate the rich variety of possible defect
structures. In Sec. IV, we discuss the correlation between our
calculations and the previously reported PL centers in 4H-SiC,
6H-SiC, and 4H-SiC/SiO2 interface.

II. METHODS

A. Computational methodology

All the first-principles calculations are performed using
density functional theory (DFT) within the projector aug-
mented wave potential plane-wave method, as implemented
in the Vienna ab initio simulation package (VASP 5.4.1) [26]
with the projector augmented wave method [27]. The electron
wave functions are expanded in plane-wave basis set limited
by a cutoff of 420 eV. The fully relaxed geometries were ob-
tained by minimizing the quantum mechanical forces between
the ions falling below the threshold of 0.01 eV/Å and the
self-consistent calculations are converged to 10−5 eV.

The screened hybrid density functional of Heyd, Scuse-
ria, and Ernzerhof (HSE) [28] is employed to calculate the
electronic structure. In this approach, we could mix part of
nonlocal Hartree-Fock exchange to the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE) [29]
with the default fraction (α = 0.25) and the inverse screen-
ing length at 0.2 Å−1. The calculated band gap at 3.17 eV
reproduces well the experimental value at 3.23 eV in Refs.
[2,3]. We embedded the carbon clusters in a 576-atom 4H-SiC

supercell, which is sufficient to minimize the periodic defect-
defect interaction. The single �-point scheme is convergent
for the k-point sampling of the Brillouin zone. The excited
states were calculated by �SCF method [30]. The migration
barrier is determined by using the climbing image nudged
elastic band (CI-NEB) methods [31–33].

For relevant paramagnetic defects, we determined the hy-
perfine interaction between the electron spin and the 13C and
29Si I = 1/2 nuclear spins, which consists of the Fermi-
contact term with core-polarization correction and dipole-
dipole term as implemented in VASP [34]. The electron
spin-electron spin dipole-dipole interaction was calculated for
the defects with S = 1 electron spin as implemented by Mar-
tijn Marsman in VASP within the spin-polarized Kohn-Sham
DFT [35–37]. In this case, the axial D parameter and the
orthorhombic E parameter are provided.

For the vibrational modes, we calculated the corresponding
dynamical matrix containing the second order derivatives of
the total energy by means of the PBE [29] functional where
all the atoms in the supercell were enabled to vibrate. In
this case, we apply strict threshold parameters for the con-
vergence of the electronic structure (10−6 eV) and atomic
forces (10−3 eV/Å) in the geometry optimization procedure.
We found that the calculated local vibration modes in a 256-
atom and 576-atom supercells agree within 3 meV, and we
conclude that the 576-atom supercell size is sufficiently large
to obtain accurate local vibration modes above the top Ra-
man frequency of 4H-SiC. These vibration modes are applied
together with the HSE ground state and excited state geome-
tries to simulate the PL spectrum of the given defects within
Huang-Rhys theory as explained below. This strategy worked
well for deep defects in diamond (e.g., Refs. [38,39]).

B. Formation energy

The formation energies E f of defects are calculated to
determine the charge stability with the following equa-
tion [40,41]:

Eq
f = Eq

d − Ehost +
∑

ni(�μi + Ei )

+ q(EV + EFermi) + Ecorr(q), (1)

where Eq
d is the total energy calculated with a supercell con-

taining a defect in a charge state q. Ehost is the total energy for
the defect-free supercell, whereas ni is the number of atoms
removed from or added to the supercell. �μi is the chemical
potential of constituent i referenced to bulk silicon and dia-
mond with energy Ei. Generally, SiC growth can be performed
under different experimental conditions, e.g., from Si-rich to
C-rich conditions. By varying the chemical potentials in the
calculation, different experimental scenarios can be explored.
In this paper, we only consider the carbon-rich condition for
the sake of simplicity. EV and EFermi are the energy of the
valence band maximum (VBM) and Fermi-level referenced
to the VBM of the host, respectively. The Ecorr(q) is the
correction term for the charged system due to the existence of
electrostatic interactions of the periodic images of the defect.
We used the correction method of Freysoldt, Neugebauer, and
Van de Walle (FNV) [42] for the total energy of the defective
systems.
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We note that we also applied FNV corrections for such
excited states of the neutral defects where the excited state has
a pseudodonor nature, i.e., the system can be considered as a
positively charged core and a loosely bound electron orbiting
in the effective mass state. The background for the need of the
size correction following the charge correction of a charged
supercell is explained in Ref. [43] that has been successfully
applied to neutral silicon-vacancy in diamond [44] and the
carbon-oxygen split interstitial cluster in silicon [45].

The charge transition level εq/q′
d can be derived from Eq. (1)

as follows:

ε
q/q′
d = (

Eq
f − Eq′

f

)/
(q′ − q), (2)

where Eq
f and Eq′

f are the formation energy of the defect in
charge state q and q′, respectively.

C. Dissociation energy

The formation energy can be used as the standard to
judge the abundance of a defect under equilibrium conditions.
However, the defects formation during irradiation is not an
equilibrium process and the calculated formation energy is not
a decisive factor. To provide a more comprehensive assess-
ment of defect stability, the dissociation energy of the carbon
cluster is calculated.

The dissociation energy ED, which is the energy required
to remove a single carbon atom from the carbon cluster could
be defined with the following equation:

ED =Etot(Cn−1) + Etot(Csp) − Etot(Cn), (3)

where Etot(Cn−1) is the total energy of the carbon cluster that
results from the removal of a carbon atom. Etot(Csp) is the
total energy of the carbon split interstitial at the appropriate
site in 4H-SiC, which is the most stable configuration of the
isolated carbon defect [46]. Etot(Cn) is the total energy of
the initial carbon cluster prior to the removal of the carbon
atom.

D. Photoluminescence spectrum within Huang-Rhys theory

The total Huang-Rhys factor (HR factor) is defined as
the number of effective phonons participating in the optical
transition, which is a key parameter of the absorption and
fluorescence spectra. The total HR factor can be readily cal-
culated within Franck-Condon approximation, which assumes
that the vibrational modes in the ground and excited states
are identical. The associated phonon overlap spectral function
can be derived from the overlap between the phonon modes in
the electronic ground and excited states [30,47]. This phonon
overlap spectral function can be employed to generate the
phonon sideband of the photoluminescence spectrum. The de-
tails about the simulation of the photoluminescence spectrum
can be found in the Appendix A.

III. RESULTS

A. Interstitial clusters

The carbon interstitial clusters are the simplest carbon ag-
gregates observed in electron irradiated and implanted 4H-SiC

FIG. 1. The local configurations of carbon split interstitial (Csp)
at h site. (a) Csp and (b) tilted Csp. (c) Formation energy (Ef ) of Csp

as a function of the Fermi-level (EFermi) under carbon-rich condition.

samples [48,49]. Some of these clusters can exhibit photolu-
minescence owing to their deep defect levels inside the band
gap. In Secs. III A 1–III A 4, we systematically discuss the
local geometry, formation energy, dissociation energy, vibra-
tional properties, fluorescence spectrum with ZPL energy, and
phonon sideband for carbon interstitial clusters.

1. Carbon split interstitial

Carbon split interstitial (Csp) is formed by trapping a car-
bon interstitial (Ci) on carbon lattice site [46]. Noteworthy,
Csp is assumed to be a possible candidate for the P-T centers
in 6H-SiC by comparing the calculated and observed LVMs
in the phonon sideband [17,21]. Hence, we speculate the Csp

could also be a potential single photon source in 4H-SiC,
especially the 463-nm triplet emitter, which might have the
same origin as the P-T centers in 6H-SiC. Carbon split in-
terstitials possess two dangling p orbitals resulting from the
sp2 hybridization of the carbon atoms. The two adjacent split
interstitials form a covalent bond due to the overlap of these
orbitals. Compared with other interstitial carbon configura-
tions, Csp has the lowest formation energy. Two inequivalent
lattice sites, h and k sites, are considered here. At h site
[Fig. 1(a)], Csp has S4 symmetry and the bond lengths of C-C
and Si-C are 1.36 Å and 1.78 Å, respectively. The formation
energy of high-spin (S = 1) Csp is 7.34 eV, 0.35 eV lower than
that of the low-spin (S = 0) defect state, indicating that the
high-spin state is the more stable one. The tilted configuration
[50] is nonmagnetic [see Fig. 1(b)]. Within this configuration,
the upper carbon atom moves upward and creates a bond with
the adjacent silicon atom. The bond length of C-C is 1.34 Å.
The bond lengths of the nearest-neighbor Si-C are in the range
of 1.72 ∼ 2.07 Å. However, the formation energy is 8.11 eV,
thus it is a metastable form. At k site, the formation energy
of the high-spin, low-spin, and tilted Csp are 7.46, 7.84, and
7.85 eV, respectively. The high-spin Csp is the most stable and
tilted Csp with S = 0 state has the highest energy, which is
similar to the results at h site.

The formation energies of high-spin Csp are shown in
Fig. 1(c). For Csp.h, the charge transition levels ε−2/−1 and
ε−1/0 are EC − 0.37 and EC − 0.64 eV, respectively [EC is
the energy of the conduction band minimum (CBM)]. These
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FIG. 2. (a) The local configurations of (Csp)2,hh, (Csp)2,kk.lin, (Csp)2,hk.cub, (CBC)2,hh, and (CBC)2,hh.plane. (Csp)2,kk shares the same defect
configuration with (Csp)2,hh at k site. The same applies to the case of (CBC)2,kk . (b) Calculated Kohn-Sham defect levels for the neutral dicarbon
interstitials in the fundamental band gap of 4H-SiC. The occupied and unoccupied defect levels are labeled by filled and empty triangles,
respectively. (c) Formation energy (Ef ) as a function of the Fermi-level (EFermi) under carbon-rich condition. Dicarbon antisites (C2)Si are the
most stable clusters. (d) The five vibration modes with the highest frequency of (CBC)2,hh. The carbon interstitial atoms are depicted by red
balls, and the respective vibrations are indicated by red arrows.

values agree well with the M1 (EC − 0.42 eV) and M3 (EC −
0.75 eV) from the deep-level transient spectroscopy (DLTS)
spectrum “A” of the M center in 4H-SiC [51]. For Csp.k , ε−2/−1

and ε−1/0 are EC − 0.68 and EC − 0.95 eV, respectively. The
former agrees well with M2 peak in the DLTS spectrum “B”
(EC − 0.70 eV) of M center [51]. These results indicate that
the Csp is responsible for the M DLTS center in 4H-SiC, which
is consistent with the conclusion achieved in Ref. [52].

The excitation of Csp can be described as promoting an
electron from the highest occupied DL to the CBM. The cal-
culated ZPL energies of h and k sites are 0.43 eV and 0.45 eV,
respectively. These calculated values are much smaller than
experimental data of optical centers in 4H-SiC (2 ∼ 3 eV)
[14], excluding the possibility of Csp as a candidate for the
observed PL centers.

2. Dicarbon interstitial clusters

Due to the unsaturated and reactive p orbitals of the carbon
interstitials, the aggregation of the two adjacent carbon inter-
stitials forming dicarbon interstitial is a favorable reaction.
The configuration of dicarbon interstitial is very complex as
each of the self-interstitial can be at h or k site. In this sec-
tion, we considered seven different geometries with Csp and
CBC (the carbon interstitial occupying the Si-C bond-center
site) shown in Fig. 2(a). For the Csp, we considered four

dicarbon interstitial clusters: (Csp)2,hh, (Csp)2,kk , (Csp)2,kk.lin,
and (Csp)2,hk.cub. For the CBC, we considered three dicarbon
interstitial clusters: (CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk .
The results of the formation energy, dissociation energy, ZPL,
HR factor, and LVMs are listed in Table I.

For the configuration (Csp)2, two of the split interstitials
form a long bond (1.48 Å) by a rotation of the interstitial
dumbbells towards each other [Fig. 2(a)]. The difference of
formation energies at h and k sites is 0.01 eV and the dif-
ference of the dissociation energies is 0.23 eV, which means
that the first-nearest-neighbor configurations of h and k sites
have almost no effect on the stability of the defects. The more
stable configurations are (Csp)2,kk.lin and (Csp)2,hk.cub with
dissociation energies of 4.21 eV and 5.02 eV, respectively.
Compared with Csp-related dicarbon interstitial clusters, CBC-
related dicarbon interstitial clusters are more stable, especially
the (CBC)2,hh.plane, which is the most stable. Thus, the carbon
atoms prefer to occupy the Si-C bond-center sites, in contrast
to the case of single carbon interstitial defects.

For the analysis of their electronic structure, we plot the
in-gap Kohn-Sham levels of the neutral dicarbon interstitials
in Fig. 2(b). The neutral (Csp)2,hh and (Csp)2,kk are high-spin
defects with two occupied spin-up DLs (EV + 0.79 and EV +
1.37 eV for h site, EV + 1.15 and EV + 1.24 eV for k site)
and two unoccupied spin-down DLs (EV + 2.62 and EV +
2.94 eV for h site, EV + 2.97 and EV + 2.99 eV for k site).
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TABLE I. Formation energy (Ef ), dissociation energy (ED), ZPL (EZPL), HR factor, and LVMs in the neutral charge state of seven dicarbon
interstitial clusters: (Csp)2,hh, (Csp)2,kk , (Csp)2,kk.lin, (Csp)2,hk.cub, (CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk . Csp is the carbon split interstitial and
CBC is the carbon interstitial occupying the Si-C bond-center site. h and k labels indicate the location of the interstitials.

Dicarbon interstitial clusters Ef (eV) ED(eV) EZPL(eV) HR factor LVM (meV)

(Csp)2,hh 11.94 2.74 1.18 4.6 119.9 126.2 127.6 159.9 161.8
(Csp)2,kk 11.95 2.97 1.56 8.3 122.0 123.2 125.9 159.4 160.5
(Csp)2,kk.lin 10.71 4.21 2.13 5.1 118.1 120.1 155.7 161.0 192.7
(Csp)2,hk.cub 9.78 5.02 2.61 3.3 129.6 129.8 157.4 160.8 178.1
(CBC)2,hh 9.91 4.77 2.56 4.6 128.0 129.9 157.0 160.9 177.2
(CBC)2,hh.plane 9.40 5.28 2.70 3.4 130.5 132.7 155.4 158.2 179.9
(CBC)2,kk 9.85 5.07 2.59 2.9 129.2 129.6 156.9 160.2 179.6

Other configurations have singlet ground state (S = 0) and
the defect levels are very near to the VBM (EV + 0.15∼EV +
0.43 eV). By taking (Csp)2,hk.cub and (CBC)2,hh.plane as exam-
ples, the charge transition levels are shown in Fig. 2(c), and
the corresponding values of ε+/0 are EV + 0.45 and EV +
0.32 eV, respectively. Therefore, the neutral charge state is
stable for a wide range of EFermi.

In order to identify the PL centers in experiments, we cal-
culated the LVMs and the results are shown in Table I. Here,
to directly compare those with the experimental results, we
only consider the vibration modes with the frequency larger
than that of 4H-SiC bulk phonon spectrum (115.0 meV).
For (Csp)2,hh and (Csp)2,kk , the features in the spectrum are
similar: two relatively close high-frequency LVMs [161.8 and
159.9 meV for (Csp)2,hh, 160.5 and 159.4 meV for (Csp)2,kk]
and three LVMs close to the highest-frequency SiC bulk
phonon mode (Table I). The two highest-frequency modes
are attributed to the stretching vibrations along the dumb-
bell formed by the interstitial and nearest-neighbor carbon
atom. The low-energy modes involve vibrations against the
nearest-neighbor atoms of the defect. For (Csp)2,kk.lin, there
are one high-frequency LVM (192.7 meV), two close fre-
quency LVMs, and two LVMs close to the highest SiC bulk
phonon mode. The high-frequency modes originate from the
vibrations of the carbon interstitial atoms, except for the
fourth, which originates from the vibrations of the first-
nearest-neighbor carbon atoms. The features in the spectrum
of (Csp)2,hk.cub and the three CBC-related dicarbon interstitial
clusters [(CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk] are similar:
one highest-frequency, two close-frequency and two low-
frequency LVMs (Table I). The vibration modes are shown
in Fig. 2(d) by taking (CBC)2,hh as an example. The first-
highest-frequency mode corresponds to the C-C stretching
mode roughly along the two carbon interstitials, which pre-
serves the symmetry of the defect. The second and third ones
belong to the asymmetric and symmetric stretching vibrations
of the interstitial and nearest-neighbor carbon atoms. The
fourth one is attributed to the asymmetric in-plane bending
modes and the fifth one is from the axial vibration of the
second-nearest-neighboring carbon atoms.

The ZPL energy (EZPL), depending on the electronic struc-
ture and ionic relaxation induced by excitation, is another
criterion for potentially identifying an experimentally isolated
emitter. It has been calculated for all the neutral dicar-
bon interstitial clusters mentioned above and the results are
shown in Table I. The excitation of (Csp)2,hh and (Csp)2,kk

is from the highest occupied DL to CBM [EZPL = 1.18 eV
for (Csp)2,hh and EZPL = 1.56 eV for (Csp)2,kk]. For others,
the excitation promotes one of the paired electrons from
the highest occupied DL to CBM and the values of ZPL
can be found in Table I. The ZPL energies of (Csp)2,hk.cub,
(CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk are in the range of
2.56 ∼ 2.70 eV, which is consistent with the experimental
results of the 463-nm triplet emitters in 4H-SiC (EZPL =
2.68 eV) [14].

To further support the identification of the 463-nm triplet
emitters in 4H-SiC [14,15], we calculated the partial HR fac-
tors of (Csp)2,hk.cub, (CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk .
The results are shown in Fig. 3. The HR factors highlight
the primary modes that participate in the excitation process.
Except for (CBC)2,hh.plane, the main contribution comes from
the modes located at 177 ∼ 180 and 129 ∼ 133 meV (Fig. 3).
The results are in excellent agreement with the experimental
data indicating that the (Csp)2,hk.cub, (CBC)2,hh, and (CBC)2,kk

are responsible for the 463-nm triplet emitters in 4H-SiC.
For (CBC)2,hh.plane, the mode with the largest contribution is
132.7 meV [Fig. 3(c)], which is consistent with the experi-
mentally observed 456.7-nm emitter in 4H-SiC.

The calculated HR emission probability density functions
of (Csp)2,hk.cub, (CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk are
shown in Fig. 4. The continuous phonon sideband shifted
with around 0.2 ∼ 0.5 eV from the ZPL peak is dominated

FIG. 3. The partial HR factors of (a) (Csp)2,hk.cub, (b) (CBC)2,hh,
(c) (CBC)2,hh.plane, and (d) (CBC)2,kk .
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FIG. 4. Calculated HR emission spectrum for the optical tran-
sition of (a) (Csp)2,hk.cub, (b) (CBC)2,hh, (c) (CBC)2,hh.plane, and (d)
(CBC)2,kk . LM1 and LM2 are the effective LVMs, during the
excitation.

by low-energy collective phonon modes from SiC host.
Compared to these broad- and low-intensity collective modes,
we can clearly identify the sharp phonon peaks originated
from local modes as labeled with LM1 and LM2. For
(Csp)2,hk.cub, (CBC)2,hh, and (CBC)2,kk , there are two outer
LVMs (LM1 and LM2), which are related with the vibration
of the defect. The higher-energy peak (LM1) is originated
from the asymmetric in-plane bending mode or axial vibra-
tion of the second-nearest-neighboring carbon atoms. The
other one (LM2) is originated from the C-C stretching mode.
For (CBC)2,hh.plane, there is only one outer LVM (LM1) from
the asymmetric in-plane bending mode. The HR factors of
(Csp)2,hk.cub, (CBC)2,hh, (CBC)2,hh.plane, and (CBC)2,kk in the
range of 2.9 ∼ 4.6 (Table I). (CBC)2,kk has the smallest
HR factor of 2.9, indicating relatively weak electron-phonon
coupling.

Given the high mobility of carbon interstitials [23],
we analyzed the stability and the migration barrier tak-
ing the dicarbon interstitials at h site [(Csp)2,hh, (CBC)2,hh,
and (CBC)2,hh.plane] as examples. The local configurations
are shown in Fig. 2(a). The most stable configuration is
(CBC)2,hh.plane, one pair of carbon interstitials lying between
Si-C bond in the horizontal direction. The dissociation energy
of (CBC)2,hh is 5.28 eV, higher than (CBC)2,hh.plane by 0.51 eV.
(Csp)2,hh contains two neighboring Csp that are inclined to-
wards each other and is the least stable among the three
configurations with dissociation energy of 2.74 eV (2.8 eV in
Ref. [17]). The migration barrier from (Csp)2,hh to (CBC)2,hh

is 0.01 eV and it is 0.36 eV from (Csp)2,hh to (CBC)2,hh.plane,
which means (Csp)2,hh is metastable and can easily be trans-
formed into (CBC)2,hh or (CBC)2,hh.plane. The migration from
(CBC)2,hh to (CBC)2,hh.plane is kinetically prohibited because of
the large barrier energy (11.40 eV) resulting from the energy
cost of breaking of strong covalent bonds. The results reaffirm

FIG. 5. (a) Calculated Kohn-Sham defect levels for neutral tri-
carbon interstitial clusters in the fundamental band gap of 4H-SiC.
Inset: The configurations of (CBC)3,hhh, (CBC)3,kkk.Si, and (CBC)3,kkk.C.
(CBC)3,kkk.Si and (CBC)3,kkk.C refer to the cage where the lattice atom
right above or below the center of the (CBC)3,kkk cluster are silicon or
carbon atoms, respectively. (b) Calculated HR emission spectrum of
the optical transition.

that carbon interstitials in clusters have a tendency to occupy
Si-C bond-center sites kinetically.

3. Tricarbon interstitial clusters

Because of the high mobility of carbon interstitials in
4H-SiC, (CBC)2 can trap another interstitial carbon atom to
form (CBC)3, which has been proposed to be one of the
most stable interstitial clusters in irradiated SiC [53,54]. This
cluster is composed of three carbon interstitials occupying
three neighboring Si-C bond center sites in the [001] plane.
Here, three diverse configurations are investigated, (CBC)3,hhh,
(CBC)3,kkk.Si, and (CBC)3,kkk.C [Fig. 5(a)]. The formation en-
ergy of the most stable (CBC)3,hhh is 12.02 eV and the
dissociation energy is 5.23 eV. For k site, (CBC)3,kkk.C is more
stable than (CBC)3,kkk.Si by 0.55 eV, which is consistent with
the result in Ref. [54]. (CBC)3,hhh and (CBC)3,kkk.Si are elec-
trically inactive as they do not induce DLs inside the band
gap [Fig. 5(a)]. For (CBC)3,kkk.C, there are four degenerate DLs
with the value of EV + 0.11 eV. The charge transition levels
of (CBC)3,kkk.C are shown in Fig. 2(c), and the corresponding
values of ε+/0 are EV + 0.33 eV, and the neutral state is stable
for a wide range of EFermi.

The LVMs of tricarbon interstitial clusters are listed in
Table II. (CBC)3,hhh has nine vibration modes with frequency
higher than that of 4H-SiC bulk phonon spectrum. The two
highest LVMs are stretching mode from two of the three
approximately vertical C-C bonds. The third one includes the
three C-C bond’s stretching. The fourth one is a breathing
mode of the triangle formed by the three carbon intersti-
tials. The respective fifth and sixth ones result from the
axial vibration of the carbon atoms right below and above
the center of the (CBC)3,hhhh cluster. The sixth and seventh
ones belong to the bending mode. The others are caused
by the vibration of the neighbor carbon atoms. The vibra-
tion modes of (CBC)3,kkk.Si and (CBC)3,kkk.C are similar with
that of (CBC)3,hhh, except they only have one axial vibration
[128.4 meV for (CBC)3,kkk.Si and 142.0 meV for (CBC)3,kkk.C],
which is determined by the arrangement of local geometry.

As (CBC)3,hhh and (CBC)3,kkk.Si are electrically inactive, we
only consider the excitation of (CBC)3,kkk.C. The value of ZPL
is 2.83 eV and HR factor is 3.53. The calculated HR emission
spectrum for the optical transition is shown in Fig. 5(b). There
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TABLE II. Formation energy (Ef ), dissociation energy (ED),
ZPL (EZPL), HR factor, and LVM in the neutral charge state of
tricarbon interstitial clusters. The EZPL and HR factor of (CBC)3,hhh

and (CBC)3,kkk.Si are not calculated because of the lack of defect level
in the band gap.

defect (CBC)3,hhh (CBC)3,kkk.Si (CBC)3,kkk.C

Ef (eV) 12.02 13.16 12.61
ED(eV) 5.23 4.03 4.58
EZPL(eV) 2.83
HR factor 3.53
LVM 117.1 118.1 117.2
(meV) 126.4 118.1 117.3

126.4 121.7 117.9
128.6 125.1 124.5
141.7 125.2 124.6
146.1 128.4 142.0
157.6 148.1 145.1
162.0 156.5 154.7
162.0 158.2 156.9

158.3 156.9

are four effective LVMs appearing in the fluorescence spec-
trum at 154.7, 145.1, 124.5, and 117.9 meV with reference to
ZPL.

4. Tetracarbon interstitial clusters

The tricarbon interstitials can trap further carbon intersti-
tials and form larger carbon clusters. Thus, we investigated the
properties of the carbon clusters with four carbon interstitials.
Here, we considered four different configurations: (Csp)4,hhkk ,
(CBC)4,hhhh, (CBC)4,kkkk , and (CBC)4,hhkk [Fig. 6(a)]. (Csp)4,hhkk

is formed by four adjacent Csp defects (one pair on h site
and the other one on k site). (CBC)4,hhhh and (CBC)4,kkkk

are formed by four carbon interstitials occupying the Si-C
bond-center sites (one pair along the horizontal direction and
the other one along the adjacent vertical direction) and the
four carbon atoms form a regular quadrilateral with a side
length of 1.48 Å. For (CBC)4,hhkk , the four interstitials occupy
the adjacent horizontal Si-C bonds. Among these configura-
tions, (CBC)4,hhkk is the most stable with formation energy of
16.64 eV. The dissociation energy of (CBC)4,hhhh is negative
(−0.13 eV), meaning the carbon atom does not really form.
In Ref. [17], (Csp)4,hhkk is regarded as the ideal model for
tetracarbon interstitial with the calculated dissociation energy
of 5.3 eV. However, our results show that the formation energy
of (CBC)4,hhkk is smaller than that of (Csp)4,hhkk by 1.05 eV.
We conclude that the (CBC)4,hhkk should be the most stable
configuration.

The LVMs of the neutral tetracarbon interstitial clusters
are listed in Table III. For (CBC)4,hhhh and (CBC)4,kkkk , the
four higher modes are caused by the stretching vibration of
the four base carbon atoms. The next two LVMs are caused
by the vibration of the two apex carbon atoms. Others are
due to the vibration of the second-nearest-neighboring carbon
atoms. For (Csp)4,hhkk , the four higher LVMs are attributed to
the stretching vibrations along the dumbbell formed by the
interstitial and nearest-neighbor carbon atom, and the others

FIG. 6. (a) Calculated Kohn-Sham defect levels for the neu-
tral carbon tetracarbon interstitial clusters in the fundamental band
gap of 4H-SiC. Inset: The configurations of (Csp)4,hhkk , (CBC)4,hhhh,
(CBC)4,kkkk , and (CBC)4,hhkk . (b) Calculated HR emission spectrum
for the optical transition of the neutral tetracarbon interstitials.

presumably extend beyond the analyzed defect molecule. For
(CBC)4,hhkk , the two higher LVMs are caused by the vibration
of the carbon interstitials. The 149.3 and 146.3 meV LVMs
are due to the stretching mode of the horizontal C-C bonds.
The fifth mode at 131.7 meV resulted from the vibration of
the second-nearest-neighboring carbon atoms. The next three
modes are induced by the bending mode of the carbon atoms.
Other modes are generated by the vibration of the second-
nearest-neighbor carbon atoms.

The four tetra-interstitial clusters have singlet ground state
with producing four occupied DLs near VBM [Fig. 6(a)]. The
excitation promotes an electron from the highest occupied
DL to CBM, and the values of ZPL are listed in Table III.
The calculated HR emission probability density functions are
shown in Fig. 6(b). The effective LVMs in the phonon side-
band appear in the range of 120 ∼ 150 meV near the ZPL
peak. The smallest HR factor at 2.0 corresponds to (Csp)4,hhkk .
For others, the HR-factor values are in the range between 3.9
to 5.5 (Table III).

B. Antisite-related carbon clusters

In addition to the carbon interstitial, we also analyzed the
clusters formed by carbon antisites. In Secs. III B 1–III B 4,
we provide our calculated results of local geometry, formation
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TABLE III. Formation energy (Ef ), dissociation energy (ED),
ZPL (EZPL), HR factor, and LVMs in the neutral charge state of
tetracarbon interstitial clusters.

defect (Csp)4,hhkk (CBC)4,hhhh (CBC)4,kkkk (CBC)4,hhkk

E f (eV) 17.69 19.49 19.58 16.64
ED(eV) 2.94 −0.13 1.05 2.72
EZPL(eV) 2.89 2.49 2.36 2.20
HR factor 2.0 5.5 5.1 3.9
LVM 118.4 118.8 116.4 119.8
(meV) 120.2 119.9 120.5 121.7

120.3 123.6 121.7 122.1
120.4 128.9 126.0 127.4
121.4 142.7 143.1 129.3
122.1 144.6 145.5 131.7
125.8 148.0 149.5 146.3
127.0 156.8 159.0 149.3
134.7 190.7 192.5 150.7
137.7 191.7 192.8 154.0
137.8
139.8

energy, dissociation energy, ZPL, energy and PL spectra for
carbon antisites, di-, tri-, and tetracarbon antisite clusters.

1. Carbon antisite

For carbon point defects (VC, Ci, CSi), neutral carbon
antisites (CSi) possess the lowest formation energy among
intrinsic point defects and are favorable under intrinsic and
n-type conditions [55,56]. The formation energies of the neu-
tral CSi configurations are 4.68 eV and 4.64 eV at h and k
sites, respectively. However, despite its high stability, theo-
retical calculations suggest that it is electrically inactive as
they do not introduce deep levels inside the band gap. Our
result is consistent with previous ones [57]. Therefore, it is
difficult to optically or electrically detect in the experiment.
Nevertheless, CSi is of a particular importance as a nucleus
for larger carbon aggregates and can trap carbon interstitial
atoms [19,46]. When carbon interstitials are present in the SiC
crystal lattice, they can interact with the carbon antisite defect
and form complexes with short carbon-carbon bonds.

2. Dicarbon antisite clusters

The dicarbon antisite defect (C2)Si is produced by pairing
Ci and a carbon antisite. The local structure is similar to
that of Csp, except the first-nearest-neighbor atoms are carbon
and not silicon atoms. At h site, the bond length of C-C and
nearest-neighbor C-C are 1.42 and 1.51 Å, respectively. The
formation energies of the triplet (high-spin), open-shell, and
closed-shell singlet (low-spin) configurations are 8.26, 8.25,
and 8.83 eV, respectively. The formation energy of triplet is
lower than that of closed-shell singlet by 0.57 eV and higher
than that of open-shell singlet by 0.01 eV. We note that the
total energy of the open-shell singlet might be less accu-
rate than that of the triplet within spin-polarized Kohn-Sham
hybrid density functional approach. To overcome this chal-
lenge and obtain accurate results, higher-level methods are
required to address the spin contamination and ensure reliable

TABLE IV. Formation energy (Ef ), dissociation energy (ED),
ZPL (EZPL) energy, HR factor, and LVMs in the neutral charge state
of antisite-related carbon clusters.

defect (C2)Si,h (C2)Si,k (C3)Si,h (C3)Si,k (C4)Si,h (C4)Si,k

E f (eV) 8.26 8.40 10.04 10.28 14.36 14.54
ED(eV) 3.76 3.70 2.12 1.97 –0.41 –0.42
EZPL(eV) 1.60 1.54 2.67 2.56 1.82 1.51
HR factor 2.91 3.09 2.35 2.59 33.15 13.15
LVM 119.4 118.5 116.4 116.8 116.6 115.8
(meV) 130.3 130.9 121.7 121.8 116.7 115.8

131.7 132.1 126.9 126.7 116.8 115.9
170.9 170.5 150.7 153.2 116.8 116.0

173.9 174.6 116.9 116.0
246.7 248.6 192.0 193.0

193.5 193.0
193.5 193.7
231.7 233.0

calculations, which is out of the scope of the present study. In
view of the negligible energy difference (0.01 eV) between
triplet and open-shell singlet, we think the triplet state can
be observed at room temperature by electron paramagnetic
resonance (EPR) spectroscopy. At k site, the results are sim-
ilar to that at h site. And the formation energies of triplet
(high-spin), open-shell, and closed-shell singlet (low-spin)
configurations are 8.40, 8.39, and 8.98 eV, respectively. In
addition, the formation energy of tilted (C2)Si are higher at
both sites (9.28 eV for h site and 9.99 eV for k site) manifest-
ing metastable configurations. Therefore, we only consider
the high-spin model for (C2)Si clusters at h and k sites in
the following discussion. The formation energies and charge
transition levels are shown in Fig. 2(c). (C2)Si,h [(C2)Si,k] is
neutral when EFermi is in the range of EV + 1.54 ∼ EV + 2.52
[EV + 1.60 ∼ EV + 2.40] eV.

The LVMs of (C2)Si are listed in Table IV. For h site,
the highest LVM is 170.9 meV, attributed to the stretching
vibrations along the dumbbell formed by the antisite carbon
atoms. The LVMs with the values of 131.7 and 130.3 meV
are attributed to the bending mode of the two carbon atoms.
The lowest LVM is also caused by the stretching mode of the
defect. The k site defect [(C2)Si,k] shows similar results.

The in-gap Kohn-Sham levels of the neutral defects are
shown in Fig. 7(a). The neutral (C2)Si,h and (C2)Si,k bears
high-spin with two occupied spin-up DLs and two unoccu-
pied spin-down DLs. The lowest excitation energies can be
described as promoting an electron from DL to CBM at both
h and k sites with ZPL energies at 1.60 eV and 1.54 eV, re-
spectively (Table IV). The ZPL energies of dicarbon antisites
fall close to the V1 (1.438 eV) and V2 (1.352 eV) PL centers
in 4H-SiC [5], which are identified as the negative-silicon
vacancy at h and k sites based on various factors such as
zero-field splitting, ZPL energies, and hyperfine constants of
13C and 29Si I = 1/2 nuclear spins [4].

The calculated fluorescence spectra are shown in Fig. 7(b).
No local vibration mode appears but broad- and low-intensity
phonons belonging to the collective modes from the host. The
local modes in Table IV do not participate to the fluorescence
spectrum. This also happens to (C2)Si,k . The calculated partial
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FIG. 7. (a) Calculated Kohn-Sham defect levels for neutral di-,
tri-, and tetracarbon antisite carbon clusters in the fundamental band
gap of 4H-SiC. Inset: The configurations of (C3)Si and (C4)Si at
h site. The occupied and unoccupied defect levels are labeled by
filled and empty triangles, respectively. (b) and (c) are calculated
HR emission spectra for the optical transition of the neutral di- and
tricarbon antisite carbon clusters at h and k sites, respectively. The
spectra are offset vertically for clarity.

HR factors of these defects are plotted in Appendix B, which
clearly demonstrate our claim. The total HR factors of (C2)Si,h

and (C2)Si,k are 2.91 and 3.09, respectively. We note that only
the neutral charge state of dicarbon antisites is considered in
our calculation. It might have different emissions in the other
charge states, such as the positive (negative) charge state in
p-type (n-type) 4H-SiC.

The paired (C2)Si, [(C2)Si]2, is considered as the origin of
the DII center in Ref. [25] due to the good agreement in the
values of LVM. The highest LVM of [(C2)Si]2 is 159.6 meV,
similar to that of DII center (164.1 meV in Ref. [12]). The
formation energy for the defect at h site is 13.34 eV with dis-
sociation energy of 1.62 eV, implying the (C2)Si defects tend
to bond with each other and form a larger cluster. However, the
calculated ZPL is 1.46 eV, which is significantly smaller than
that of DII center (3.205 eV in Ref. [12]). Hence, [(C2)Si]2

cannot be a reasonable candidate for DII center.

3. Tricarbon antisite clusters

The dicarbon antisite may trap another carbon interstitial
and form the tricarbon antisite [(C3)Si]. The tricarbon anti-
site is isosceles triangle-shaped defect with side lengths of
1.29, 1.47, and 1.47 Å [Fig. 7(a)]. Two of the three carbon

atoms in the core of the defect have sp2 hybridization, and
the apex one is surrounded by four carbon atoms, forming
sp3 hybridization. Tricarbon antisite is neutral when EFermi

lies higher than EV + 0.46 (EV + 0.58) eV for h (k) site
[Fig. 2(c)]. The formation energies of the neutral (C3)Si,h

and (C3)Si,k are 10.04 and 10.28 eV (Table IV), respectively.
The dissociation energies are 2.12 and 1.97 eV (Table IV),
indicating that (C2)Si prefers to capture an additional carbon
interstitial atom and forms a more stable (C3)Si cluster. The
formation process and intermediate configurations have been
investigated and confirmed in Ref. [17].

The tricarbon antisite cluster shows a pronounced LVM
spectrum (Table IV). The highest LVMs of (C3)Si,h and
(C3)Si,k is located at 246.7 and 248.6 meV, respectively, which
belong to the stretching vibrations between the two sp2 carbon
atoms. The second one with the value of 173.9 (174.6) meV at
h (k) site is an asymmetric stretching vibration of the two sp2

carbon atoms against their first-nearest neighbors from the en-
closing tetrahedron. The third one is the stretching of the apex
carbon atom against the two sp2 carbon atoms. The fourth
one is due to the stretching vibration of two outer carbon
atoms bonding with the sp2 carbon atoms. The others are the
vibration of the apex carbon atom along different directions.
The results are consistent with previous calculations [17].

The tricarbon antisite cluster is spin singlet and there are
two occupied DLs close to VBM as shown in Fig. 7(a): EV +
0.26 eV for h site and EV + 0.36 eV for k site. The excitation
is from the highest occupied DL to CBM, and the values of
ZPL are at 2.67 and 2.56 eV for h and k sites, respectively. The
PL spectrum is shown in Fig. 7(c). For both defects, (C3)Si,h

and (C3)Si,k , there are two effective LVM (LM1 and LM2) in
the phonon sideband. The sharp phonon peak, LM1 (LM1h

and LM1k), is due to the stretching vibration along the sp2

C-C bond. The low intensity one (LM2h and LM2k) belongs
to the stretching of the apex carbon atom against the two sp2

atoms. The HR factors of (C3)Si,h and (C3)Si,k are 2.35 and
2.59, respectively.

Our calculated results of (C3)Si are similar to the experi-
mental results of the 471.8-nm emitter (2.627 eV) in 4H-SiC
[15]. The calculated ZPL energies of the (C3)Si,h and (C3)Si,k

are at 2.67 and 2.56 eV. The calculated LVMs in Table IV are
consistent with the experimental results in Ref. [15]. However,
the 173.9 (174.6) meV LVM for (C3)Si,h [(C3)Si,k] has no
contribution to the excitation as shown in Fig. 7(c) as con-
firmed by the partial HR factor calculations (see Appendix B).
This result clearly shows that the calculated LVMs cannot be
directly used to identify a PL center and the phonon sideband
should be rather calculated at ab initio level. We here assign
one of the tricarbon antisite defects as the origin of 471.8-nm
emitter in 4H-SiC. Further investigation is still needed to
confirm whether the feature at 189.4 meV in the observed PL
spectrum indeed belongs to 471.8-nm emitter in 4H-SiC.

4. Tetracarbon antisite clusters

Tetracarbon antisite cluster [(C4)Si] is formed by trapping
one more carbon interstitial by (C3)Si. The local geometry
at h site is shown in Fig. 7(a). For h site, the four carbon
atoms form a tetrahedron. Along the 〈0001〉 direction, the
lengths of the base C-C bonds and edge C-C bonds are 1.45

085201-9



LI, UDVARHELYI, LI, HUANG, AND GALI PHYSICAL REVIEW B 108, 085201 (2023)

TABLE V. The experimental results of wavelengths (λZPL) and energies (EZPL) of ZPLs together with the effective LVMs of the reported
PL centers in 6H-SiC [21] and 4H-SiC [14,15].

PL centers in 6H-SiC [21] PL centers in 4H-SiC [14,15]

LVMs (meV) λZPL (nm) EZPL (eV) EZPL + 0.23 (eV) EZPL (eV) λZPL(nm) LVMs (meV)

P 133.2 179.3 502.3 2.47 2.70
Q 132.7 178.1 510.1 2.43 2.66 2.68 463.3 132.82 179.86
R 132.3 180.2 510.8 2.43 2.66 2.67 463.6 132.53 178.47 triplet emitter
S 133.0 178.9 513.4 2.41 2.64 2.67 464.3 131.90 180.03
T 132.9 178.4 514.6 2.41 2.64
U 132.9 246.6 525.2 2.36 2.59 2.63 471.8 151.8 189.4 246.9
Z 119.2 173.3 203.3 512.9 2.42 2.65

and 1.46 Å, respectively. For k site, the four carbon atoms
form a regular tetrahedron and the length of the edge C-C
bonds is 1.45 Å. At h (k) site, the DLs are double degenerate
states at EV + 0.65 (EV + 0.81) eV. The formation energy of
(C4)Si is 14.36 eV for h site and 14.54 eV for k site. The
calculated dissociation energy is negative (−0.41 eV for h site
and −0.42 eV for k site), meaning that these clusters are not
stable species. Nevertheless, for the sake of completeness, we
show the calculated LVMs above the bulk phonon spectrum in
Table IV.

IV. DISCUSSION

The accurate calculation of the electronic structure and
photolumiescence spectrum may be enabled to firm identifica-
tion of previously reported carbon-cluster related PL centers
in 4H-SiC. We note that many carbon-cluster related PL cen-
ters were reported in 6H-SiC too that might be common with
those in 4H-SiC. Therefore, we list the reported PL centers
in both polytypes together with the calculated ones in this
study in Tables V and VI with providing the appropriate
references.

We learnt that many stable carbon clusters produce deep
levels close to the valence band with establishing a closed-
shell singlet state. The excitation of these defects can be
described as promoting an electron from the deep defect level
to CBM. There are two serious consequences of this observa-
tion: (i) The excited state is a bound exciton where the hole is
strongly localized and the electron is Coulombically bound by
the hole, so a Rydberg series of excited states should exist with
following the effective mass state theory; (ii) the ZPL energy
of the common defects in 4H-SiC and 6H-SiC should follow
the energy difference of CBM edges in the two materials, i.e.,
they should be about 0.23 eV higher in 4H-SiC than those in
6H-SiC. We note that the DI centers in these polytypes follow
this pattern [16,58] for which the bound exciton nature of
the excited state was proven by photoluminescence excitation
(PLE) experiments [11,58,59].

By comparing the EZPL and LVMs in 4H-SiC and 6H-
SiC, we find that P-T centers in 6H-SiC (that form always
simultaneously) correspond to the so-called triplet emitter in
4H-SiC (see Table V). Our HR-theory confirms that LVMs
at around 130 meV and 180 meV should appear in the PL
spectra from three configurations dicarbon interstitial clusters
in 4H-SiC, and their calculated EZPL are in good agreement
with the experimental data. These strongly suggest that the

origin of the triplet emitters in 4H-SiC and the P-T PL centers
in 6H-SiC are the stable dicarbon interstitial clusters. We note
that the dicarbon antisite clusters were previously assigned
to these PL centers based on the calculated LVMs [19,46].
Indeed, LVMs can be found at around 130 meV and 170 meV
for these clusters (see Table IV), not far from the features
in the experiments. However, these LVMs are not optically
active, and the calculated EZPL in the near infrared together
with the optically active LVM at 114 meV do not agree at
all with the observations (see Table VI). This issue again
demonstrates the need of direct comparison of the simulated
and observed PL spectra.

According to annealing studies, the P-T centers in 6H-
SiC and the triplet emitter in 4H-SiC start to dissociate at
900 ◦C [15,21]. Our results then imply that the dicarbon in-
terstitial clusters dissociates that will reemit mobile carbon
interstitials to form larger and thermally more stable aggre-
gates. Another more stable form of dicarbon interstitial defect
[(CBC)2,hh.plane] in 4H-SiC only produces a single LVM at
∼133 meV in the PL spectrum with EZPL ≈ 2.7 eV, which
has a similar optical characteristic to the 456.7-nm emitter
in 4H-SiC (Table VI). The 456.7-nm emitter displays distinct
annealing characteristics compared to the triplet emitter. At a
temperature of 1200 ◦C, the former maintains a high density
while the latter nearly disappears [15]. Interestingly, no simi-
lar PL center was observed in 6H-SiC in terms of single LVM.

The U center was previously associated with the triscele
structure of the tricarbon antisite clusters [Fig. 7(a)], which
can only produce a very high LVM at around 247 meV
[15,22]. Our calculations agree with this conclusion as these
defects in 4H-SiC indeed produce LVMs at around 150 meV
and 247 meV in the PL spectrum (see Table VI). The cal-
culated ZPL energy at around 2.6 eV agrees well with the
471.8-nm emitter in 4H-SiC. However, an additional LVM at
around 190 meV was associated with this PL center [15]. We
think that that feature in the PL spectrum was falsely associ-
ated with this PL center and it is likely a part of another PL
center with overlapping spectra of the 471.8-nm emitter. The
U center in 6H-SiC has EZPL = 2.36 eV, which follows well
the CBM shifts between 4H-SiC and 6H-SiC with reference to
the 471.8-nm emitter at EZPL = 2.63 eV. This further supports
our proposal that the two defects are common and should have
similar LVM structure in the PL spectrum.

Along with the U center, the Z center is another optical
center in 6H-SiC that shows an increase in concentration
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TABLE VI. The comparison of wavelengths (λZPL) and energies (EZPL) of ZPLs together with their effective LVMs during the excitation
between the previously reported PL centers and our calculated results of carbon clusters in 4H-SiC. For dicarbon antisite clusters, the frequency
of the highest effective LVM is lower than that of the 4H-SiC bulk phonon spectrum (115.0 meV) and the higher LVMs (list in Table IV) have
no contribution to the excitation. For the optical centers in 4H-SiC/SiO2 interface, we only show the ranges of LVMs.

Experimental results [14,15,60] Our calculated results

λZPL

(nm)
EZPL

(eV)
LVMs
(meV)

EZPL

(eV) LVMs (meV)

(C2)Si,h 1.60 114.5
(C2)Si,k 1.54 114.4

(CBC)3,kkk.C 2.83 117.9 124.5 145.1 154.7
Triplet emitter 463.3 2.68 132.82 179.86 (Csp)2,hk.cub 2.61 129.8 178.1
in 4H-SiC 463.6 2.67 132.53 178.47 (CBC)2,hh 2.56 129.9 177.2
[14,15] 464.3 2.67 131.90 180.03 (CBC)2,kk 2.59 129.6 179.6

Other optical 414.2 2.99 119.9 122.5 129.2 (Csp)4,hhkk 2.89 120.2 121.4 125.8 134.7
centers in 450.6 2.75 135.1 180.0
4H-SiC [15] 456.7 2.71 133.5 (CBC)2,hh.plane 2.70 132.7

465.7 2.66 177.8
471.8 2.63 151.8 189.4 246.9 (C3)Si,h

(C3)Si,k

2.67
2.56

150.7
153.2

246.7
248.6

493.5 2.51 166.9 169.8
498.5 2.49 179.9
520.6 2.38 122.1 172.3
596.8 2.08 123.9 149.1 (CBC)4,hhkk 2.20 121.7 127.4 131.7 146.3 149.3
599.3 2.07 124.4 160.5 180.5

Optical centers 584.2 2.12 150 ∼ 200
in 4H-SiC/SiO2 585.0 2.12 120 ∼ 200 (CBC)4,kkkk 2.36 120.5 122.1 126.0 145.5 192.8
[60] 601.5 2.06 180 ∼ 200

615.0 2.02 120 ∼ 200

during annealing [22]. The Z center shows considerable
formation following annealing at 900 ◦C and remains stable
up to 1300 ◦C. The 465.7-nm emitter in 4H-SiC displays a
similar ZPL to that of the Z center considering the CBM
difference between 4H-SiC and 6H-SiC, whereas its highest
LVM is lower than that of the latter. Given that the formation
of the Z center with annealing temperature is similar to that of
the U center, we speculate that the Z center may also originate
from a tricarbon or larger carbon clusters.

Furthermore, the analysis of ZPLs and LVMs suggests that
the optical properties of tetracarbon interstitials (Csp)4,hhkk

and (CBC)4,hhkk could be associated to those of 414.2-nm
and 596.8-nm emitters in 4H-SiC, respectively (Table VI).
Annealing experiments in Ref. [15] revealed that the con-
centration of the 596.8-nm emitter is higher than that of the
414.2-nm emitter at annealing temperatures below 1100 ◦C,
whereas at higher temperatures, the 414.2-nm emitter is fa-
vored. This behavior can be explained by the formation
energies of (Csp)4,hhkk and (CBC)4,hhkk (c.f., Table III). An-
other stable form of tetracarbon interstitial defect [(CBC)4,kkkk]
generates a distinguishable PL spectrum (Table VI), sharing
a similar optical characteristic with the optical emitters ob-
served at the 4H-SiC/SiO2 interface, which consist of sharp
high-energy LVMs between 120 and 200 meV [60]. Although,
the calculated ZPL of (CBC)4,kkkk is 2.36 eV, slightly higher
than that of the optical emitters at the 4H-SiC/SiO2 interface,
but this could be attributed to the amorphous local geometry
around the emitters. During the growth or annealing of the

SiO2 layer on SiC, the high carbon solubility of carbon atoms
in SiC can result in segregation at the interface, leading to the
formation of larger carbon clusters. Thus, the optical emitters
at the 4H-SiC/SiO2 interface may be associated with these
larger carbon clusters.

We predict that all the reported PL centers possess bound
exciton excited states according to our predictions that may
be confirmed in future PLE studies with tunable lasers in the
appropriate wavelength region.

We find that vast majority of the carbon clusters produce
deep filled levels close to the valence band maximum, which
produces fluorescence at significantly higher ZPL energies
than the ZPL energies of the divacancies (around 1.1 eV) and
Si-vacancies (around 1.4 eV) qubits. On the other hand, the
(C2)Si, dicarbon antisite defects can be presumably excited
by 785-nm laser that is often used for off-resonant excitation
of divacancy and Si-vacancy qubits. These defects produce
multiple donor and an acceptor levels in the band gap [see
Fig. 2(c)], thus they can also act as a sink and source of
carriers upon illumination and may contribute to the charge
fluctuation around the target defect qubits. The relatively
low formation energies of these defects imply that they are
thermally stable. We provide the fluorescence spectrum of the
neutral defects [Fig. 7(b)] that could be observable in the red
and near-infrared wavelength regions.

The dicarbon antisite defects may be identified by electron
spin resonance techniques too as the positively and negatively
charged defects have spin-doublet ground state whereas the
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TABLE VII. Calculated hyperfine constants in MHz unit for the (C2)Si defects in their positive, neutral and negative charge states as
obtained from HSE06 calculations. The core polarization contribution to the Fermi-contact term is included. Cd1 and Cd2 are the defect carbon
atoms, Cn1-Cn4 are the first-nearest neighbors and Sin1-Sin12 are the second-nearest neighbors. The experimental results of HEI5 and HEI6 EPR
centers are also listed for comparison [61].

(C2)Si,h positive (C2)Si,h neutral (C2)Si,h negative

Axx Ayy Azz Axx Ayy Azz Axx Ayy Azz HEI6 [61]

Cd1 −23.46 −22.43 −27.35 2.19 1.16 96.32 30.78 29.77 219.03 207.09
Cd2 27.63 26.28 222.65 3.09 2.13 96.40 −19.68 −19.42 −23.15
Cn1 33.32 33.04 41.72 6.20 4.78 9.59 −25.07 −23.78 −26.48
Cn2 50.36 49.91 60.02 15.83 11.98 17.05 −24.12 −16.95 −25.92
Cn3 −23.28 −13.48 −24.94 14.84 10.84 15.64 49.22 48.59 59.86
Cn4 −23.28 13.49 −24.94 14.89 10.89 15.69 49.23 48.60 59.86
Sin1 1.77 1.03 1.97 −39.12 −38.69 −47.93 −82.21 −81.75 −98.60 96.17
Sin2 −20.42 −20.38 −24.52 −10.86 −10.85 −13.14 −1.02 −0.82 −2.24
Sin3 1.77 1.04 1.98 −39.09 −38.65 −47.87 −82.21 −81.75 −98.59 96.17
Sin4 −1.52 −1.15 −4.23 −33.72 −32.79 −40.06 −71.23 −69.60 −82.47 77.59
Sin5 −1.59 −1.21 −4.32 −33.81 −32.87 −40.15 −71.25 −69.62 −82.49 77.59
Sin6 −2.84 −2.53 −3.70 −1.57 −1.19 −1.68 −0.21 −0.17 0.69
Sin7 −52.55 −51.47 −65.68 −28.52 −27.96 −35.64 −3.76 −3.41 −5.21
Sin8 −0.41 0.17 −0.69 0.16 −0.02 0.44 1.87 0.70 2.15
Sin9 −50.01 −49.01 −62.52 −25.99 −25.25 −32.49 2.00 −0.18 2.43
Sin10 −0.42 0.16 −0.70 0.17 −0.01 0.45 1.88 0.71 2.15
Sin11 −52.62 −51.54 −65.78 −28.50 −27.94 −35.62 −3.76 −3.41 −5.21
Sin12 −49.97 −48.97 −62.45 −25.93 −25.19 −32.42 2.00 −0.18 2.43

(C2)Si,k positive (C2)Si,k neutral (C2)Si,k negative HEI5 [61]

Axx Ayy Azz Axx Ayy Azz Axx Ayy Azz

Cd1 −20.46 −19.34 −24.16 3.67 2.62 96.77 30.51 29.47 215.81 210.93
Cd2 45.97 44.44 241.95 9.92 8.94 104.28 −18.88 −18.74 −22.47
Cn1 51.93 51.18 63.34 17.20 13.27 19.01 −24.24 −16.76 −26.10
Cn2 31.77 31.68 39.01 9.15 4.83 9.80 −21.37 −15.61 −23.63
Cn3 −18.07 −8.70 −19.70 13.10 10.00 16.12 39.81 39.14 51.80
Cn4 −18.08 −8.71 −19.70 13.05 9.95 16.06 39.82 39.14 51.80
Sin1 0.26 −0.28 −1.36 −0.12 −0.08 0.44 −0.53 −0.29 0.63
Sin2 −0.96 −0.62 −4.01 −24.29 −23.39 −31.12 −52.44 −51.19 −64.97 59.00
Sin3 −0.96 −0.62 −4.01 −24.27 −23.37 −31.10 −52.44 −51.19 −64.96 59.00
Sin4 −1.55 −1.22 −2.97 −31.99 −31.50 −38.56 −59.37 −58.40 −70.47 66.08
Sin5 −1.55 −1.22 −2.97 −32.03 −31.54 −38.62 −59.38 −58.40 −70.47 66.08
Sin6 −0.90 −0.76 −1.72 −11.38 −10.65 −10.53 1.19 0.45 1.62
Sin7 −0.75 0.06 −0.99 −0.51 −0.18 −0.63 0.81 −0.32 1.01
Sin8 −51.39 −50.17 −60.84 −27.83 −26.93 −32.82 −1.62 −1.18 −3.57
Sin9 −50.65 −49.89 −65.44 −26.84 −26.35 −34.43 0.74 −0.53 0.99
Sin10 −51.39 −50.17 −60.84 −27.86 −26.97 −32.84 −1.62 −1.19 −3.57
Sin11 −0.75 0.06 −0.99 −0.51 −0.17 −0.62 0.81 −0.33 1.01
Sin12 −50.65 −49.89 −65.44 −26.86 −26.36 −34.45 0.74 −0.53 0.99

neutral state has a spin-triplet metastable state that may be
thermally occupied at elevated temperatures. The characteris-
tic hyperfine constants are listed in Table VII as obtained by
HSE06 calculations. The spin densities are mostly localized
on the carbon dangling bond but it could be difficult to ob-
serve in natural 4H-SiC as the 13C isotope has a low 1.1%
abundance. The spin density is also quite observable for the
first-neighbor four carbon atoms (∼15...∼ 60 MHz depend-
ing on the charge state and the actual ionic position). The
hyperfine constants are also well observable for the second
neighbor 29Si isotopes. Among the 12 neighbor atoms, four
or nine 29Si isotopes have much larger absolute hyperfine
constants than 10 MHz depending on the charge state. Since

the natural abundance of 29Si is about 4.5% the hyperfine
sideband in the electron spin resonance spectra from these
defects should have a high intensity. The hyperfine sideband
pattern from 29Si isotopes can be used to distinguish the two
configurations in 4H-SiC as the second-neighbor atoms are
more sensitive to the crystal field environment in the h and
k sites. For instance, a relatively strong hyperfine signal is
detected for a fifth 29Si isotope in the positive charge state
of (C2)Si,h, which is missing for (C2)Si,k .

The results of (C2)Si,h and (C2)Si,k in the negative charge
state are consistent with the experimental results of HEI6
and HEI5 EPR centers [61], respectively, which reaffirms the
previous identification of HEI5 and HEI6 EPR centers with
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the dicarbon antisite defects in the negative charge state [61]
(Table VII). We note that the HEI5 and HEI6 EPR centers are
annealed out at 1000 ◦C, which shows a high thermal stability
of these defects [61].

The zero-field-splitting parameters of the spin triplet are
also characteristic for the configurations in the neutral charge
state. We obtain D = −2111 MHz, E = 14 MHz and D =
−2174 MHz, E = 63 MHz for h and k configurations, re-
spectively, with assuming dominant electron spin-electron
spin dipole-dipole interaction. Since a shelving singlet state
lies between the triplet states intersystem crossing may oc-
cur resulting in spin-selective fluorescence and optical spin
polarization of these defects that could turn these defects
to be employed as qubits when can be isolated in 4H-SiC.
Exploring the fine electronic structure of these defects is an
interesting avenue along this direction but it is out of the scope
of the present study.

V. SUMMARY AND CONCLUSIONS

In conclusion, the thermodynamic stability, electronic
structure, vibrational properties, and photoluminescence spec-
trum of carbon-clusters were studied in 4H-SiC by means of
ab initio density functional theory calculations. The single car-
bon interstitial and antisite defects prefer to trap carbon atoms
and form stable clusters consisting of multiple carbon atoms.
Tetracarbon clusters may only form as a combination of car-
bon self-interstitials. We identified the (Csp)2,hk.cub, (CBC)2,hh,
and (CBC)2,kk defects as the origin of the 463-nm triplet
emitters, and (CBC)2,hh.plane can be well associated with the
456.6-nm emitter because the calculated and observed ZPL
energies and LVMs agree well. (C3)Si defects are assigned to
the 471.8-nm emitter in 4H-SiC. We tentatively associate the
tricarbon interstitial clusters to some observed carbon-related
emitters in 4H-SiC and some tetra-interstitial clusters show
the features of fluorescence centers detected at 4H-SiC/SiO2

interface. The dicarbon antisite defects are identified as the
most harmful to the vacancy-type defect qubits because of
their overlapping absorption and emission spectra and elec-
trical activities that may lead to charge switching around the
target vacancy-type defect qubits. We provide the character-
istic hyperfine constants and zero-field-splitting parameters
of the dicarbon antisite defects as reference for future elec-
tron spin resonance observations. Our results indicate that the
thermally stable dicarbon antisite defects shows potential to
turn them from harmful defects to qubit defects based on their
magneto-optical properties that might be validated in future
studies.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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APPENDIX A: THEORY AND COMPUTATIONAL
METHODOLOGY OF THE SIMULATED

FLUORESCENCE SPECTRUM

In our calculation, the fluorescence spectrum of the defect
is computed within the HR theory [62]. This requires deter-
mining the adiabatic potential energy surface of the electronic
excited state as well as the phonons that may participate in the
optical transitions. The excited state of the defect is calculated
by �SCF method with hybrid density functional theory [30].
The phonon sideband of the fluorescence spectrum is given by
[63]

I (h̄ω) = nDω3

3ε0πc3h̄
| �μeg|2

∑
m

|〈χgm|χe0〉|2δ(EZPL − Egm − h̄ω),

(A1)
where nD is the refractive index of the material, �μeg is the
electronic transition dipole moment, χgm and χe0 are the vi-
brational levels of the ground and excited state, EZPL is the
energy difference between excited and ground state, Egm is
energy of ground state. In order to directly compare with the
experimental results, we considered the normalized lumines-
cence intensity, which is defined as

L(h̄ω) = CA(h̄ω), (A2)

A(h̄ω) =
∑

m

|〈χgm|χe0〉|2δ(EZPL − Egm − h̄ω). (A3)

C [C−1 = ∫
A(h̄ω)ω3d (h̄ω)] is the normalization constant,

A(h̄ω) is the optical spectral function and given as the Fourier
transform of the generating function G(t ) [47]

A(EZPL − h̄ω) = 1

2π

∫ ∞

−∞
G(t )eiωt−γ |t |dt . (A4)

The generating function G(t ) = e(S(t )−S(0)). S(t ) and S(0) are
defined as

S(t ) =
∫ ∞

0
S(h̄ω)e−iωt d (h̄ω) (A5)

and

S(0) =
∫ ∞

0
S(h̄ω)d (h̄ω). (A6)
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In Eqs. (A5) and (A6), S(h̄ω) is given as

S(h̄ω) =
∑

k

Skδ(h̄ω − h̄ωk ), (A7)

where Sk is the partial HR factor and given as Sk = 1
2h̄ωkq2

k , in
which qk is the mass-weighted difference of the ground state
and the excited state geometries, evaluated as

qk = 1

ω2
k

∑
αi

1

m1/2
α

(Fe;αi − Fg;αi )�rk;αi. (A8)

Fe;αi − Fg;αi is the change of the force on the atom α along
the direction i for a fixed position of all atoms. qk determines
the phonon sideband in the photoluminescence spectrum. The
total HR factor for a given optical transition is defined as S =∑

k Sk .

APPENDIX B: PARTIAL HUANG-RHYS FACTORS OF
(C2)Si,h, (C2)Si,k, (C3)Si,h AND (C3)Si,k

The partial Huang-Rhys factors of (C2)Si,h, (C2)Si,k ,
(C3)Si,h, and (C3)Si,k are shown in Fig. 8.

FIG. 8. The partial Huang-Rhys factors of (a) (C2)Si,h, (b)
(C2)Si,k , (c) (C3)Si,h, and (d) (C3)Si,k .
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