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We employ hybrid density functional calculations to search for defects in different polytypes of
SiC that may serve as qubits for quantum computing. We explore the divacancy in 4H- and 3C-SiC,
consisting of a carbon vacancy adjacent to a silicon vacancy, and the NV center in 3C-SiC, in which
the substitutional N¢ sits next to a Si vacancy (Nc¢-Vsi). The calculated excitation and emission
energies of the divacancy in 4H-SiC are in excellent agreement with experimental data, and aid
in identifying the 4 unique configurations of the divacancy with the 4 distinct zero-phonon lines
observed experimentally. For 3C-SiC, we identify the paramagnetic defect that was recently shown
to maintain a coherent quantum state up to room temperature as the spin-1 neutral divacancy.

Finally, we show that the (Nc-Vsi)™

center in 3C-SiC is highly promising for quantum information

science, and we provide guidance for identifying this defect.

It has recently been found that certain point defects
in wide-band-gap semiconductors can serve as qubits for
quantum computing.! These centers are stable in well
defined spin states that can be initialized and manipu-
lated at room temperature using optical and microwave
excitations, and are responsive to electric and magnetic
fields. The prototype of this class of qubits is the NV
center in diamond, which is composed of a substitu-
tional N impurity next to a vacancy. In the negative
charge state [(NV)~], optical transitions between the
S=1 ground state (*Az) and the 3E excited state re-
sult in luminescence that can be modulated by an ex-
ternal magnetic field.2 It has also been demonstrated
that the (NV)~ center exhibits long spin-coherence times
at room temperature.® These favorable properties have
stimulated a search for analogous defects in materials
other than diamond.* One obvious candidate material
is silicon carbide, a compound that is closely related to
diamond in structure and bonding.

SiC is a wide-band-gap semiconductor, available as
high-quality large single crystals and epitaxial films,% and
is the basis for a wide variety of electronic and opto-
electronic devices.” Recent theoretical work has identi-
fied the N¢-Vg; center in 4H-SiC as a promising can-
didate for qubit applications.*® First-principles calcu-
lations and experimental measurements have also indi-
cated that the neutral divacancy in 4H-SiC has desirable
properties® 10 (see Fig. 1): photoluminescence, angle-
resolved magneto-luminescence, and continuous-wave
optically-detected magnetic resonance (ODMR) mea-
surements have demonstrated room-temperature spin
control, with spin-coherence properties comparable to
those of the NV center in diamond.*°

There are four symmetry-inequivalent forms of the di-
vacancy in 4H-SiC. Since all have the same local bonding
environment and are similarly stable, they coexist in 4H-
SiC, and lead to slightly different excitation and emission
energies, which potentially poses problems when trying
to address individual centers. Furthermore, the charge-
neutral divacancy in 4H-SiC is stable only over a limited
range of Fermi-level values within the band gap and re-
quires semi-insulating samples. An alternative to 4H-SiC
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FIG. 1: Schematic single-particle-based electronic structure of the
ground state of neutral Si and C vacancies and the neutral diva-
cancy in 4H-SiC. VBM indicates the valence-band maximum and
CBM the conduction-band minimum (color online).
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is to use the cubic polytype 3C-SiC, which has the zinc-
blende crystal structure and can also be grown as large
single crystals and epitaxial films. 12

The divacancy and NV center are expected to behave
similarly in 3C-SiC and 4H-SiC, but the higher symmetry
of the 3C polytype eliminates the problem of symmetry-
inequivalent configurations. In addition, its smaller band
gap (2.36 eV,2° 0.9 eV smaller than that of 4H-SiC) could
potentially be favorable for stabilizing the desired charge
states, provided the relevant defect states are not too
close to, or resonant with, the valence or conduction
bands. A small number of studies have reported on the
divacancy in 3C-SiC,'3 15 but detailed information about
the stability and electronic and optical properties is lack-
ing, providing the motivation for the present study.

Using first-principles calculations we show that the di-
vacancy in 3C-SiC indeed exhibits similar properties as in
4H-SiC, but has the advantage that the desired charge-
neutral vacancy with its S=1 spin state is stable over
a range of Fermi levels near the conduction-band mini-
mum (CBM) of 3C-SiC, which is easily achieved by n-
type doping. In contrast, the neutral divacancy in 4H-
SiC is stable only if the Fermi level is between 0.9 and 2.1
eV above the valence-band maximum (VBM), requiring
semi-insulating material with e within a specific range,
which may be more difficult to achieve in a device.

Our calculations are based on density functional theory



TABLE I: Lattice parameters and band gaps of 4H-SiC and
3C-SiC calculated using the HSE functional. Experimental

values?®2! are listed for comparison.

Material Property HSE Exp.
a (A) 3.07 3.07

4H-SiC c (A) 10.04 10.05
E; (eV) 3.17 3.23

3C-SiC a (A) 4.35 4.36
E; (eV) 2.24 2.36

(DFT)!6 and the screened hybrid functional developed by
Heyd, Scuseria, and Ernzerhof (HSE),'” as implemented
in the VASP code.!® In the HSE hybrid functional the ex-
change potential is split into short- and long-range parts,
with the range separation determined through an error
function with a characteristic screening length of 10 A. In
the short-range region, the exchange potential of Perdew,
Burke and Ernzerhof (PBE)* is mixed with the non-local
Hartree-Fock exchange potential in a ratio of 75:25. The
long-range region is described by the PBE functional, and
so is the correlation potential. The lattice parameters
and band gaps of 3C- and 4H- SiC obtained using HSE
along with the experimental values are listed in Table I.
We observe excellent agreement between the calculated
and experimental values.

To study the properties of the defects, we perform cal-
culations using a 96-atom supercell for 4H-SiC and a 216-
atom supercell for 3C-SiC, with a 2x2x2 Monkhorst-
Pack k-point mesh for integrations over the Brillouin
zone, and a 400 eV cutoff for the plane-wave basis set.
The stability of the different charge states for each de-
fect is determined by calculating formation energies.??
For example, in the case of a divacancy in 4H-SiC, the
formation energy for a given charge state of the defect is
given by:

ET[(Vsi-Vo)?] = Erot[(Vsi-Ve)?] — Bt (SiC)
+psi+pe+q-erp + A9, (1)

where Fiot(SiC) is the total energy of the pristine 4H-
SiC supercell and Eiot[(Vsi-V)?] is the total energy of
the supercell containing the defect in charge state q. us;
and pc are the chemical potentials of Si and C refer-
enced to the total energy per atom of bulk Si and di-
amond, respectively, and can vary over a range limited
by the enthalpy of formation of SiC. The Si-rich limit is
set by psi=Fiot(Si) and thus pc=~Fio(C)+AH(SiC),
and the C-rich limit by pgi=Fiot(S1)+AH(SiC) and
puc=Fiot(C), where AH(SiC) is the enthalpy of forma-
tion of 4H-SiC. In the case of NV centers, we consid-
ered SizNy as the solubility-limiting phase, allowing us
to set an upper bound on the N chemical potential. ep
is the Fermi level, which is referenced to the VBM. A4
is the correction term to align the electrostatic potential
in the perfect bulk and defect supercells and to account
for finite-cell size effects on the total energies of charged
defects.?3:24
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FIG. 2: Formation energy as a function of Fermi level for single
vacancies (Vg and Vg;), divacancy (Vo-Vs;), and NV centers in 3C-
and 4H-SiC, under C-rich conditions (color online).

In Figure 1 we show formation energies for single va-
cancies, divacancies and NV centers in 4H-SiC and 3C-
SiC in the C-rich limit. The slopes indicate the stable
charge state for a given position of the Fermi level [see
Eq. (1)], and the kinks represent the charge-state tran-
sition levels (¢/q’), i.e., the Fermi-level position below
which the defect is stable in charge state ¢ and above
which it is stable in charge state ¢’.22 Note that different
charge states for the same defect involve distinct local
lattice relaxations. Proper identification and occupation
of the defect states for various charge states was facili-
tated by the small dispersion of the defect-related states
in the gap. The symmetry was analyzed by inspecting
the atomic positions surrounding the defect and the de-
generacy of the defect-related states at the I' point.

The formation energies for the divacancies and NV
centers are very high and imply that the concentration
of these defects, which is proportional to e~ Zs/58T are
expected to be extremely low under equilibrium condi-
tions. However, as previously observed by Torpo et al.,'3
the binding energy of the divacancy is very high, around
3-4 eV for Fermi level positions near the middle of the
band gap. Since SiC is grown at temperatures exceed-
ing 1600°C,"! single vacancies that are formed during
growth will be highly mobile, tending to meet and form
complexes. Divacancies can also be intentionally created
through implantation and annealing.'®

Perhaps more relevant than the absolute formation en-
ergies, for the purposes of the present study, are the posi-
tions of the transition levels and the range of Fermi-level
values over which defects are stable in a given charge
state. For instance, the divacancy in 4H-SiC is predicted
to be stable in the neutral charge state for Fermi-level
values between 0.9 eV and 2.1 eV, requiring 4H-SiC to
be semi-insulating. This is consistent with experimental



observations.!® In the case of 3C-SiC, we find that the
neutral divacancy is a S=1 triplet and is stable for all
Fermi levels above 1.0 eV. In addition, we find that the
negative Ng-Vg; center also forms a spin triplet and is
stable for all Fermi levels above 1.3 eV.

Further insight into the stability of the different charge
states of a given defect is provided by inspecting the spec-
trum and occupancy of the defect-related single-particle
states in the gap. Isolated vacancies in SiC introduce
levels that are derived from the four dangling bonds of
the surrounding atoms. In 4H-SiC these dangling bonds
combine into two symmetric one-electron states (a;) and
a doubly degenerate e state. In the case of a Si vacancy,
the states in the gap are derived from C dangling bonds
and lie close to the valence band; for the C vacancy, the
states are derived from Si dangling bonds and lie closer
to the conduction band, as shown in Fig. 1. In the case of
divacancies, there are six dangling bonds, which combine
into two a1 and two e states. The lower a; and lower
e states are derived from the C dangling bonds and the
higher a; and e states are derived from the Si dangling
bonds. In the neutral charge state four electrons occupy
the aq states, and two electrons occupy the lower degen-
erate e level. Following Hund’s rule, the electrons in the
e level have parallel spin. The level structure of the NV
center can be derived in a similar manner.*

A key difference between the divacancy in 3C-SiC and
4H-SiC is that the e states associated with the Si dangling
bonds lie above the CBM due to the smaller band gap of
3C-SiC, meaning that it is not possible to occupy them
with electrons. As a result, negative charge states cannot
be stabilized and the neutral charge state is stable for all
Fermi levels in the upper part of the gap. As such, this
will be the stable charge state in n-type 3C-SiC. In 4H-
SiC, on the other hand, the Si-dangling-bond-associated
e states lie in the gap, and the (0/-) and (—/-2) transi-
tion levels occur at 1.2 and 0.7 eV below the CBM. Simi-
larly, for the No-Vs; center the empty spin-down e state,
derived from Si dangling bonds, lies above the CBM in
3C-SiC but within the gap in 4H-SiC. As a consequence,
the —2 charge state cannot be stabilized for the Ng-Vg;
center in 3C-SiC, but does occur in 4H-SiC, with a (-/-2)
transition level at 0.4 eV below the CBM.

In analogy with the NV center in diamond, the centers
that are promising as qubits in SiC are those that have
an S=1 ground state that can be optically manipulated
by exciting an electron from the highest a; state to one
of the e states, as shown in Fig. 1. This occurs for the
neutral divacancy (Vo-Vsi)? and the negatively charged
(Ng-Vsi)~ center. The peak excitation and emission en-
ergies can be calculated by constraining the occupation
and taking total-energy differences between the excited
and ground-state configurations, allowing the determina-
tion of a configuration coordinate diagram.?® The calcu-
lated configuration diagrams are shown in Fig. 3 and the
energies of the optical transitions are listed in Table II.

In 4H-SiC, there are four different forms of the diva-
cancy: the kk and hh forms of the axial divacancy (k
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FIG. 3: Configuration coordinate diagrams for (a) the axial (hh)
and (b) the basal (hk) divacancies in 4H-SiC, and (c) the divacancy
and (d) the NV center in 3C-SiC. All values for absorption (Eq),
emission (Fe), and zero-phonon line (Ezpr,) energies are in eV
(color online).

TABLE II: Calculated absorption, zero-phonon line (ZPL)
and emission energies for all divacancies in 4H-SiC, and for
the divacancy and Nc-Vs; center in 3C-SiC. Experimental
values'®™ for Ezpr, are shown where available.

Polytype| Defect E, EzpL E. E;%
aH VeVo (hh)| 1.18 113 109  1.094
4H Vsi-Ve (kk) 1.19 1.14 1.10 1.095
4H Vsi-Ve (hk) 1.27 1.21 1.18 1.120
AT VeiVo (kh)| 129 124 121  1.150
3C Vsi-Ve 1.27 1.13 1.02 1.121
3C Ne-Vsi 1.04 0.89 0.64

stands for quasi-cubic position and h for quasihexagonal),
and the kh and hk forms of the basal divacancy.2® We
have calculated absorption, emission and zero-phonon
line energies for each defect, as shown in Fig. 3 and Table
11

The results for ZPLs agree extremely well with
experiment'® and previous calculations for clusters,”2” to
within 0.1 eV accuracy in all cases. The axial divacancy
ZPL energies are experimentally measured to be within
0.001 eV of one another, consistent with our calculation
of a small 0.01 eV difference between the two forms of the
axial divacancy. Similarly, the basal divacancy ZPL ener-
gies are measured to be 0.03 eV apart, in complete agree-
ment with our calculations, which find a 0.03 eV differ-
ence between the hk and kh basal divacancies..!’ Based
on our calculations, we can assign the hk and kh basal
divacancies to the experimental ZPL energies at 1.12 eV
and 1.15 eV, respectively. We can also tentatively assign
the hh and kk axial divacancies to the experimental lines



at 1.094 eV and 1.095 eV, although the energy difference
is smaller than the error bar on the calculations.

In the case of the neutral divacancy in 3C-SiC
[Fig. 3(c)] we find an excitation energy of 1.27 eV, an
emission peak at 1.02 eV, and the ZPL at 1.13 eV. The
divacancy has not yet been conclusively experimentally
identified in 3C-SiC. However, an optically detected mag-
netic resonance study of 3C-SiC by Son et al.'* reported
an S=1 defect with trigonal symmetry and a measured
ZPL of 1.121 eV. The authors hypothesized that this
peak was due to a complex involving a silicon vacancy
and another intrinsic defect. We think it highly likely
that this defect is in fact the S=1 neutral divacancy. Re-
cent experimental work!'® has confirmed the existence of
this spin-1 defect in 3C-SiC with a peak at 1.121 eV, and
shown that it is coherent and optically addressable up to
room temperature.

The (N¢-Vsi)~ center in 4H-SiC has been previously
suggested? as a potential NV-like qubit. Our calculations
show that the (N¢-Vs;) ™ center in the 3C polytype is also
highly promising as a qubit: it is a spin triplet in the
ground and excited states, with emission and absorption
peaks in the infrared [Fig. 3(d)]. Infrared luminescence
has rarely been used to study NV-like point defects, pos-
sibly because the luminescence in that wavelength region
tends to be dominated by transition-metal and rare-earth
impurities.?® Vanadium and erbium, in particular, are
common impurities in as-grown SiC, and sharply peaked
emission spectra between 0.8 and 0.95 eV are observed,?’
arising from intra-d-shell and intra-f-shell transitions.
Our calculations yield a binding energy of 2.0 eV for the
(N¢-Vsi) ™ center in 3C-SiC, consistent with the value ob-
tained in 4H-SiC by Weber et al..3° We therefore expect

nitrogen-doped SiC with a substantial concentration of
Vsi, obtained via high-temperature growth or implanta-
tion/irradiation, to contain a substantial concentration of
(N¢-Vsi) ™ centers. Specific formation mechanisms of N¢-
Vs; centers and their concentrations in 3C-SiC have been
proposed based on calculated migration barriers and for-
mation energies in Refs.31 and32. These centers should
exhibit ZPL energies at around 0.89 eV for 3C-SiC, and
1.09 eV30 for 4H-SiC.

In summary, we have used first-principles calculations
to study properties of various point defects in 4H-SiC
and 3C-SiC that can serve as qubits, reporting their for-
mation energies, transition levels, and optical transition
energies. Our calculations for the divacancy in 4H-SiC
allow us to assign the experimentally observed ZPLs!'"
to specific microscopic vacancy configurations. Our re-
sults for the neutral divacancy in 3C-SiC suggest that
this is the defect that has been observed to give rise to
a spin-1 center with a ZPL peak at 1.121 eV.'*!5 We
also find that the (No-Vg;)~ center in 3C-SiC is highly
promising for qubit applications. Unlike the situation in
4H-SiC, where semi-insulating material is needed with
the Fermi-level within a specific range, the desired S=1
state of the (Vo-Vs;)? and the (N¢-Vs;) ™ centers is stable
in n-type-doped 3C-SiC, which should make experimen-
tal observation and control more straightforward than in
the 4H polytype.
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