PHYSICAL REVIEW B 106, 174113 (2022)

First-principles study of quantum defect candidates in beryllium oxide
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Beryllium oxide (BeO) is a promising host for quantum defects because of its ultrawide band gap. We con-
ducted comprehensive first-principles investigations of the native point defects in BeO using density functional
theory with a hybrid functional. We found that the beryllium and oxygen vacancies are the most stable defects,
whereas other native defects such as interstitials or antisites have high formation energies. We investigate the
point defects as candidates for quantum defects by examining spin states and internal optical transitions. The
oxygen vacancy (V) emerges as a suitable spin qubit or single-photon emitter; we also find its stability can be
enhanced by forming a (Vo-Lig.)? complex with a Li acceptor. The O, antisite also has desirable optical and
spin properties. Overall, because of its desirable properties as a host material, BeO could be an excellent host for
quantum defects, with VO+ , (Vo-Lige)?, and Op, as prime candidates.
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I. INTRODUCTION

Beryllium oxide (BeO) is stable in the wurtzite structure
and has a band gap exceeding 10 eV [1]. The material has
a high melting temperature, high electrical resistivity, and a
high thermal conductivity, which make it useful for a vari-
ety of applications such as ceramics and protective coatings
[2,3]. Beryllium is also the primary plasma-facing material
used in the International Thermonuclear Experimental Re-
actor (ITER) [4] and is likely covered by its oxide, BeO.
Because of its ultrawide band gap, BeO may also be a good
host material for quantum defects (qubits or single-photon
emitters) [5]. For all of these applications, a solid understand-
ing of the prevalence and properties of native point defects is
important.

Experimentally, electron spin resonance (ESR) has been
used to study point defects in BeO, including the Be vacancy
(VBe) [6], the O vacancy Vg [7,8], and the Li impurity (Lig,)
[9]. Optical absorption and luminescence spectra were also
reported [10]. Some first-principles calculations have been
performed, but they are incomplete. Wrasse and Baierle [11]
performed calculations based on density functional theory
(DFT) with the local density approximation (LDA), but they
only considered defects in the neutral charge state. Song et al.
[12] used a semilocal functional in their defect calculations
(applying only a correction to the band edges using a hybrid
functional), and limited their investigation to the oxygen va-
cancy (F center). A comprehensive and consistent study of
native defects in BeO is thus still lacking.

In this paper we will present results of state-of-the-art
first-principles calculations for native point defects in BeO,
based on DFT with a hybrid functional. We will focus on
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the potential to serve as functional defects for quantum
information applications. Defects embedded in semicon-
ductors or insulators can make good qubits, because the
incorporation in the host lattice provides isolation from
one another and from the environment, while still offer-
ing access via optical readout [13]. To be candidates for
spin qubits, quantum defects should satisfy a number of
criteria [5]: (1) they should have a paramagnetic ground
state; (2) the defect states involved in an optical transi-
tion should be sufficiently energetically separated from each
other, and from the band edges, to avoid thermal excitation;
and (3) an optical pumping cycle should exist to initial-
ize the qubit state. The wide band gap of BeO facilitates
satisfying (2). Single-photon emitters are another class of
quantum defect, which produce photons in a well-defined
quantum state, with the photon acting as a qubit. For a single-
photon emitter, small electron-phonon coupling is desired.
The negatively charged nitrogen-vacancy (NV~) center in
diamond is the prototype of point-defect qubits [14]. With a
stable triplet (spin-1) ground state, the NV~ center has a spin-
preserving optical excitation from a highest-occupied defect
state to a lowest-unoccupied defect state, which are both deep
within the band gap.

Our comprehensive assessment of the atomic and elec-
tronic structure of native defects in BeO will show that
the oxygen vacancy is the dominant native defect in ther-
modynamic equilibrium under Be-rich conditions, while the
beryllium vacancy is dominant under O-rich conditions. Other
defects have high formation energies, but could still be formed
by implantation or irradiation. Based on the criteria out-
lined above, we propose candidates for quantum defects and
also evaluate their optical properties. We identify the beryl-
lium vacancy in a neutral charge state (Vi) as a potential
qubit that shares characteristics with the NV center in dia-
mond. However, V. has a stronger electron-phonon coupling
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than the NV center; still, the center could have applica-
tions in quantum sensing [13]. Other potential spin qubits
or single-photon emitters are Og,, V|, and Vg., which all
have smaller electron-phonon coupling than NV~. We also
explored whether forming complexes with impurities can im-
prove or enhance the properties. For Vg, forming a complex
with Fo lowers the formation energy, but does not yield
a better quantum defect. For Vg, forming a complex with
Lig. enhances the stability and reduces its electron-phonon
coupling.

This paper is arranged as follows. Section II covers the
DFT methodology and the theoretical framework for studying
defects. Section III shows the results for BeO defect struc-
tures and energies, spin properties, and electronic states, and
discusses potential quantum defects. Section IV summarizes
our results.

II. METHODOLOGY

A. Computational details

Our first-principles calculations are performed using the
Vienna Ab initio Simulation Package (VASP 6.2.0) [15,16].
Projector augmented wave potentials are used to separate
valence and core electrons [17], employing the VASP-
recommended potentials. The valence wavefunctions are
expanded in a plane-wave basis with a 400-eV energy cutoff.
For the bulk BeO primitive cell, a9 x 9 x 5 Monkhorst-Pack
k-point mesh is used for integration over the Brillouin zone.
Defects are simulated using the supercell approach [18,19].
One defect is generated in a large BeO supercell with 96
atoms, and a single special k point (1/4, 1/4, 1/4) is used
to sample the Brillouin zone [20]. Convergence tests (using a
Gamma-centered 2x2x2 k-point grid) indicated that formation
energies are converged to within 0.01 eV at this level of
k-point sampling. We also tested convergence as a function
of supercell size (going up to 288-atom cells) and found dif-
ferences in formation energies and Kohn-Sham states of less
than 0.05 eV. Spin polarization is explicitly taken into account.
The atomic coordinates are relaxed until forces are less than
0.01 eV/A.

To overcome inaccuracies in the electronic structure as-
sociated with local (LDA) or semilocal (GGA) functionals
[21,22], we employ the hybrid functional of Heyd, Scuseria,
and Ernzerhof (HSE) [23,24], which enables accurate evalua-
tion of energetics, electronic structure, and atomic geometries
of bulk properties as well as point defects and impurities
[18]. The mixing parameter @ describes the extent to which
short-range Hartree-Fock exchange replaces PBE exchange
in the exchange-correlation functional. We choose o = 0.405,
which results in a band gap of 11.30 eV. This value agrees well
with the experimental value of 10.63 eV [1] after accounting
for zero-point renormalization of 0.70 eV [25]. All calcula-
tions in this paper are performed consistently at the HSE level,
including full structural relaxations.

B. Defect formation energy

To evaluate the stability of defects, we calculate their for-
mation energies (E/). The energy cost to form a defect X in

charge state g is [18]
E'[X9] = E[X%] — Elbulk] = Y " mip; + qEr + A"

ey

Ei[bulk] is the total energy of a bulk supercell, and E.[X 9]
is the total energy of a supercell containing the defect. n; indi-
cates the number of atoms that are added (n; > 0) or removed
(n; < 0) to form the defect, and u; is the chemical potential
of atomic species i. Er is the Fermi level, i.e., the chemical
potential of electrons, and is referenced to the valence-band
maximum (VBM). The last term, A9, is a finite-size correc-
tion that compensates for the artificial electrostatic interaction
between periodic supercells [26,27]. A7 is calculated with
an HSE dielectric tensor (¢! = 6.044, e+ = 6.664), which is
close to the experimental dielectric constant of 6.7 [28]. In
equilibrium, the defect concentration is given by c[XY] =
Niites exXp(—E f1x1 /kpT), where N is the number of defect
sites and T is the temperature [18]. Thus, a defect with a
smaller formation energy results in a higher concentration.

The chemical potential of an atomic species, which cor-
responds to the energy cost of exchanging atoms with a
TeServoir, iS (; = ret; + Apti, Where s, is the reference
chemical potential of species i, and Au,; captures the abun-
dance of the atomic species in the environment [18]. For Be
the reference is the energy of bulk Be metal, and for O the
reference is the O, molecule. In thermodynamic equilibrium
the Ap; satisfy

Apge + Apo = AHp(BeO), (@)

where AH;(BeO) is the formation enthalpy of BeO. The
HSE-calculated value of AHy(BeO) is —6.03 eV, in good
agreement with the experimental value of —6.32 eV [2].
We assume Ap; <0 to avoid forming elemental phases.
Appe = 0 corresponds to Be-rich conditions; Eq. (2) then
gives Apo = AHp(BeO). O-rich conditions correspond to
Apo = 0, for which Aug. = AHy(BeO). For impurities, we
chose chemical potentials to correspond to equilibrium with
solubility-limiting phases; we determined these to be Li, O for
Li and BeF, for F.

Defect charge-state transition levels e(q/q’) are defined as
the Fermi-level position where the most stable charge state
changes from g to ¢'. They are calculated as [18]

Ef[X9Er = 0] — E/[XY;Er = 0]

q—q ’
where E/[X%; Ex = 0] is the formation energy of defect X
with charge ¢ when the Fermi level is at the VBM.

e(q/q) = (3)

C. Modeling of optical transitions

In this paper we will focus on internal transitions, which
occur for example when an electron is lifted from an oc-
cupied defect state to an unoccupied state [13]. Excited
states are calculated within the delta-self-consistent-field
(ASCF) formalism, allowing for full atomic relaxation in
a constrained-occupation DFT approach [29]. A symmetry
analysis enables us to determine if the transition is dipole
allowed. More detailed information about optical properties,
in particular about the electron-phonon coupling strength, can
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FIG. 1. Configuration-coordinate diagram for the internal tran-
sition of V.. The lower (blue) curve corresponds to the ground
state of V., and the upper-orange curve to the excited state. Q is
the generalized coordinate, and AQ indicates the difference between
ground-state and excited-state geometries. The dots are calculated
data points and the solid curves are parabolic fits. Ezpy is the energy
of the zero-phonon line, E,, the absorption energy, E.,, the emission
energy, and Erc the Franck-Condon energy.

be obtained by constructing a configuration coordinate (CC)
diagram [30], which we construct using the nonrad code [31].

Figure 1 shows the CC diagram for Vj), as an example.
The horizontal axis is the generalized coordinate Q, which
characterizes collective atomic displacements in an one-
dimensional approximation by linear interpolation between
the geometries of ground and excited states. AQ describes
the mass-weighted difference between these geometries and
is defined as (AQ)* = >, M;|R,; — Ry ;|%, where M; is the
mass of atom i, and R,; (R, ;) are the atomic coordinates of
atom i in the ground (excited) state [30].

The vertical axis in Fig. 1 is the total energy, and the
curve correspond to the ground state and excited state of
Vé)e. Ezpy. is the zero-phonon line (ZPL) energy, representing
the transition where no phonons are involved. The peak of
absorption will occur at (or near) the vertical transition for
which Q is conserved at the value corresponding to the mini-
mum energy for the ground state (Q = 0); the corresponding
energy is E,. For the excited state, the O =0 geometry
corresponds to a configuration that is higher in energy than
the minimum energy, and the system will release the extra
energy by emitting phonons. Subsequently the defect can
return to the ground state by emitting a photon with energy
E.n; again, the extra energy (referred to as the Franck-Condon
energy Epc = Ezpp, — E.n) will be released into phonons. The

Huang-Rhys [32] (HR) factor S = % corresponds to the

number of phonons emitted and represents the strength of
electron-phonon coupling; €2, is the vibrational frequency of
the ground state. For efficient optical control and readout of
qubits, and for single-photon emitters, it is desirable that a
significant portion of the emission occurs in the zero-phonon
line. The fraction of the overall intensity that goes into the
zero-phonon line can be estimated using exp(—S) [13]. A
small Huang-Rhys factor is therefore desirable.
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FIG. 2. (a) Band structure and (b) density of states (DOS) for
wurtzite BeO. The coloration of the bands indicates the atomic char-
acter of the states, according to the color bar. The origin of energy is
chosen at the VBM.

III. RESULTS AND DISCUSSION

A. Bulk properties

BeO assumes the wurtzite crystal structure with point-
group symmetry Cg, and space-group symmetry P6smc. The
computed lattice parameters of BeO are a = 2.653 A, ¢ =
4.304 A, and u = 0.3778, in good agreement with the experi-
mental values, a = 2.698 A, ¢ = 4.377 A (Refs. [33,34]), and
u = 0.3785 (Ref. [35]).

The BeO band structure and density of states are shown
in Fig. 2. The band gap is direct at the I' point. The VBM
is predominantly composed of O p states, with a crystal-field
splitting of 67 meV. The conduction-band minimum (CBM)
contains similar amounts of Be and O s-state character.

B. Formation energies
1. Native defects

The formation energies of the native defects under Be-rich
and O-rich conditions are shown in Fig. 3. The corresponding
charge-state transition levels are shown in Fig. 4.

In an actual material, the position of the Fermi level is
determined by charge neutrality; i.e., the total charge corre-
sponding to the concentrations of charged defects (and any
carriers in the bands, which are absent in the case of an insula-
tor like BeO) needs to be zero. In thermodynamic equilibrium,
the concentrations are determined by the formation energies,
and the Fermi level will be pinned close to the intersection of
the formation energies of the lowest-energy positively charged
and negatively charged defects. In the absence of any impuri-
ties, Fig. 3 shows that the Fermi level will be pinned far from
band edges. Under Be-rich conditions, the O vacancy Vg is
the dominant defect, while the Be vacancy Vg, is dominant
in O-rich conditions. Assuming that V3™ and Vi, determine
the Fermi-level position, one easily obtains that the formation
energy of these relevant native defects would be close to
4.6 eV; in equilibrium, the resulting concentration would then
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FIG. 3. Formation energy E/ of native defects in BeO as a func-
tion of Fermi level Er under (a) Be-rich and (b) O-rich conditions.
Only charge states with the lowest formation energies are shown.

still be less than parts per million even at a growth temperature
of 3500 °C.

The impact of impurities will be discussed in Sec. IIIB2.
Electrically active impurities can shift the Fermi level; it is
interesting to note that in BeO the allowed range of Fermi
levels is severely restricted. For acceptor doping (which drives
the Fermi level down), there is a small region near the VBM
(below 0.57 eV) where Vg* has a negative formation energy,
even under the most highly O-rich conditions [Fig. 3(b)], and
hence the material would be unstable. For donor doping, the
corresponding region is much larger: when the Fermi level
is driven above 8.15 eV, the formation energy of V2, be-
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FIG. 4. Charge-state transition levels for point defects, im-
purities, and complexes in BeO. The valence-band (VB) and
conduction-band (CB) energy regions are plotted in blue.
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FIG. 5. Formation energy E/ as a function of Fermi level Eg
for Lig, and Fp impurities in BeO under (a) Be-rich and (b) O-rich
conditions. Also shown are formation energies of the V-Lig, and
Vie-Fo complexes.

comes negative even under the most highly Be-rich conditions
[Fig. 3(a)]. This means that (at least under equilibrium condi-
tions) Fermi level positions within 3.15 eV of the CBM will
not be attainable.

2. Impurities and complexes

Real materials contain impurities, which are either intro-
duced intentionally (as dopants) or unintentionally, during
growth or processing. It is not our intent to provide a compre-
hensive study, but rather to focus on two prototype impurities,
one with acceptor character (Lig.), and one with donor char-
acter (Fp). The formation energies are shown in Fig. 5. As
expected, Lig. is stable mainly in the negative charge state
for the majority of Fermi levels, while Fg prefers the positive
charge states. The negative charge state of Fo corresponds to
a DX-like configuration with a large lattice relaxation [36],
but occurs only for Fermi levels for which the material is not
thermodynamically stable.

These prevailing charge states determine how the impuri-
ties interact with point defects. Specifically, the Li acceptor
will tend to bind with oxygen vacancies, which have donor
character, and form a V-Lig. complex. In the neutral charge
state, the complex has a binding energy of 1.47 eV, relative
to the V7 and Lig,. The F donor will tend to bind with
beryllium vacancies, which have acceptor character, and form
a Vge-Fo complex. In the negative charge state, this complex
has a binding energy of 2.83 eV, relative to the VBZC_ and FJ
constituents. The formation of these complexes also shifts
the charge-state transition levels (see Fig. 4) and affects the
stability of certain charge and spin states. We will return to
this issue in Sec. I[IID 2.
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TABLE I. Ground-state spin for point defects, impurities, and
complexes in BeO. Parentheses indicate charge states that are
metastable. Spin states for which an internal optical transition can
occur are marked in bold. The © symbol points out charge states
that lie outside the attainable Fermi-level range (0.57-8.15 eV, see
Sec. IIIB 1).

Defect charge

44+ 3+ 24+ + 0 - 2= 3— 4-
Vo 0o 1/2 0 1727 0
Vie 27 372 1 1/2 0
(o8 172 0 /2y o
Be; 0 12 0 1/2f
Oge 0 1/2 0 /2 0 @/2) O
Beo o 12 0 1/2 0 3/2 17 /2" of
Lige 0 1/2 0
Fo 0 (172 0
Vo-Lige 0 1/2 0
Vie-Fo 1 1/2 0

C. Atomic and electronic structure

For a given defect to be useful as a spin qubit, the
ground state should possess a nonzero spin. We summarize
the ground-state spin of each of the relevant charge states for
all native defects, impurities, and complexes in Table 1.

We now discuss the defects in more detail. Additional
information about atomic and electronic structure is included
in Sec. S1 of the Supplemental Material [37].

1. Oxygen vacancy

Each O atom in BeO has four Be nearest neighbors, and
each bond contains % electron from Be and % electrons from
0. Removing an O atom creates four dangling bonds on the
surrounding Be atoms, to be occupied with two electrons (%
electron from each Be) in the neutral charge state. In the
tetrahedrally bonded crystal environment, the dangling-bond
orbitals combine into a symmetric bonding orbital (a;) and
three antibonding orbitals. In the neutral charge state, the two
electrons occupy the a; orbitals. Giving up one (two) electrons
leads to the + (2+) charge state; the corresponding occupation
of the Kohn-Sham (KS) states is shown in Fig. S2 in the
Supplemental Material [37].

The oxygen vacancy can also accept electrons in the
antibonding states. In many oxides (e.g., ZnO [38]), these
antibonding orbitals are well above the CBM and hence they
cannot accept electrons, but the gap of BeO is sufficiently
wide to accommodate the antibonding states (see Fig. S2),
resulting in negative charge states becoming stable. Details
about the atomic geometry in the various charge states are
included in Fig. S1 in the Supplemental Material [37].

Our calculated ground-state spin and level structure for Vg
agree with Ref. [7]. V(;” has been experimentally observed as
well, in neutron irradiated samples [39].

2. Beryllium vacancy

The removal of a Be atom in BeO leaves six electrons to be
accommodated in defect states in the neutral charge state. Vg,
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FIG. 6. (a) Kohn-Sham states of Vé’e (red segments); spin-up
states are shown in the left panel, spin-down states in the right panel.
The valence-band (VB) and conduction-band (CB) energy regions
are plotted in blue. Electrons occupying defect states are indicated
with black arrows. [(b),(c)] Isosurfaces for the real part of the wave
function for (b) the lowest unoccupied (v) KS state and (c) the highest
occupied (#) KS state. The isosurface corresponds to 5% of the
maximal value and blue and yellow indicate opposite signs. Dashed
circles point out the defect positions.

can therefore accept two more electrons, giving rise to — and
2— charge states (see Fig. 3). Positive charge states can also be
stabilized for Fermi levels close to the VBM. The oxygen dan-
gling bonds combine into a symmetric bonding orbital (a;),
which overlaps with the valence band, and three antibonding
orbitals. Oxygen orbitals are much more spatially localized
than Be orbitals, and hence the bonding-antibonding splitting
is much smaller than in the case of the oxygen vacancy, and
all of the KS states are located in the vicinity of the VBM
(Fig. 6). The KS states are evaluated at the single, special k
point, which provides a good approximation to the dilute limit
[18]. Details about the atomic geometry in the various charge
states are included in Fig. S3 in the Supplemental Material
[37].

The spins of V;, and V5, are consistent with the ESR results
of Ref. [6]. Vj;, has seven electrons and a doublet ground state.
The unoccupied KS state is localized around one in-plane
nearest-neighbor atom. Maffeo and Hervé [6] reported hyper-
fine parameters for a Be nucleus based on electron-nuclear
double resonance (ENDOR) measurements on V. Our cal-
culated value for the isotropic hyperfine parameter, 2.5 MHz,
is in good agreement with the value of 3.33 MHz reported in
Ref. [6]. The ground-state spin of Vi, is a triplet, similar to
the case of the prototypical quantum defect—the NV center
in diamond. We will therefore pay particular attention to this
defect and discuss it in detail in Sec. III D 1.

3. Oxygen interstitial

The oxygen interstitial O; can be stable in +, 0, and 2—
charge states (Fig. 3); the — charge state is always higher in
energy than O or 2—. The oxygen interstitial has fairly high
formation energy and is never the lowest-energy native defect
in thermodynamic equilibrium. The neutral and 2— charge
states both have zero spins; the + charge state, which has
spin-1/2, could be a qubit candidate, but is unlikely to occur
since it requires the Fermi level to be very low in the band

gap.
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4. Beryllium interstitial

Not surprisingly for a divalent interstitial, the preferred
charge state of the beryllium interstitial Be; is 2+ (Fig. 3).
Beinr and Be? have zero-spin ground states and are therefore
not candidates for spin qubits. Be;" has spin 1/2 but no suit-
able internal transitions. Be;” could be a spin-qubit candidate
but is unlikely to occur since it is stable only when the Fermi
level is high in the gap.

5. Oxygen antisite

Oxygen antisites Op. can occur in charge states ranging
from 24 to 4—. In the +, — and 3— charge states, the ground-
state spin is 1/2. While the formation energy is high, these
defects could potentially be formed by ion implantation or
irradiation, and the range of Fermi-level positions for which
the — charge state is stable (Fig. 3) indicates it is more likely
to occur.

6. Beryllium antisite

Beryllium antisites Beg can occur in charge states ranging
from 4+ to 4—. Under O-rich conditions, Beg;r are the most
stable defects for Fermi-level positions close to the VBM,
but these are unlikely to occur. Otherwise, Beg has high for-
mation energy. It could still be formed under nonequilibrium
conditions, but the presence of multiple possible charge states
would render it difficult to stabilize suitable spin states. In fact,
the 44 and 2+ charge states that are stable over the largest
range of Fermi levels have spin zero and are therefore not
candidates for spin qubits.

D. Quantum defect candidates
1. Beryllium vacancy example

We illustrate our procedure for identifying candidate quan-
tum defects with the example of V}?e. The KS states of V];?e are
shown in Fig. 6. In this diagram, the KS states of the defect are
positioned relative to the bulk VBM and CBM by taking the
potential alignment between bulk and defect supercells into
account [26,27].

The two unoccupied KS states in Vi, are in the same spin
channel, resulting in a triplet (spin-1) ground state, similar to
the prototypical quantum defect—the NV center in diamond.
The two holes localize around two in-plane nearest-neighbor
atoms of Vé)e, which move radially outward from the vacancy;
the symmetry is Cy;, (mirror symmetry). An internal transition
[indicated by the blue arrow in Fig. 6(a)] can occur in which
an electron is excited from state u at 0.98 eV to state v at
3.61 eV. Both u and v correspond to the &’ irreducible rep-
resentation (the identity representation) of Cj;; a symmetry
analysis indicates that the transition is dipole-allowed. The
wavefunctions of the KS states are shown in Figs. 6(b) and
6(c). The many-body ground and excited states are both *A”
triplet states.

The energy difference between the u and v states, 2.63 eV,
provides an estimate for the peak energy in optical absorption.
This value is indeed close to the value E., = 2.80 eV (see
the CC diagram in Fig. 1) for the vertical transition obtained
from total energy calculations. Values for this absorption
energy as well as for the ZPL and emission energies are

included in Table II. The table also lists values for the HR
factor S. Unfortunately, the HR factor for V]ge is very large
(S = 7.88), indicating that this defect will not be an efficient
emitter.

2. Candidates for spin qubits

We can apply this type of analysis to other defects that were
identified as potential spin qubits in Table I, based on being
stable in nonzero spin states and having an internal optical
transition. The results for the most promising candidates, as
discussed in Sec. IIIC are summarized in Table II. Relevant
CC diagrams are included in Sec. S2 in the Supplemental
Material [37].

As discussed in Sec. IIC, a low Huang-Rhys factor is
desirable for single-photon emitters and for efficient con-
trol of qubits. For reference, the prototype quantum defect,
the NV~ center, has a HR factor S = 3.7. As Table II
shows, Og., V., (Vo-Lige)’, and V4. have relatively small
HR factors.

VJ is of particular interest because it is expected to form
quite easily and has been experimentally observed [39]. It
has spin-1/2, an optical transition in the UV-C range, and
a relatively small HR factor. However, as seen in Fig. 3,
it is stable only over a narrow range of Fermi levels (a
result that was verified by explicitly checking convergence
with respect to k-point sampling). It is interesting to explore
whether complex formation could enhance the stability of a
desired spin state. Indeed, by forming a complex with Lig,,
we obtain a (Vo-Lig, ) complex with physical properties that
are similar to those of V: the spin state is spin-1/2 (Ta-
ble I), the ZPL energy is 5.20 eV (compared to 5.45 eV,
Table II), and the internal transition is physically the same.
However, the (Vo-Lig. )° complex is stable over a wider range
of Fermi levels (from 5.11 to 5.67 eV) (Fig. 4), and it
features a slightly smaller HR factor (3.15 instead of 3.29,
Table II). Intentional doping with Li, which acts as an ac-
ceptor and drives the Fermi level down, will promote the
formation of Vg for charge compensation (Fig. 5), and the
large binding energy (1.47 eV) of the (Vo-Lig.)° renders its
formation feasible.

We also checked whether complex formation with a donor,
F/, might improve the properties of V), particularly its
very large HR factor. Both Vlge and (Vge-Fo)™ have spin 1
(Table I), similar to the NV~ center in diamond. The ZPL
energy is 1.83 eV (Table II), compared to 1.44 eV for V2.,
with similar symmetry properties for the internal transition.
Unfortunately, the HR factor is not improved, and is even
larger (S = 8.18) than for Vé’e (Table II). Also, stabilizing the
complex in the + charge state requires Fermi levels quite
close to the VBM (Fig. 4), which may be hard to achieve.
We therefore also explored the neutral charge state, which can
be stabilized in roughly the same range of Fermi levels as Vi,
(Fig. 4). However, the HR factor (S = 13.64) is even larger in
this case.

Finally, Table II includes Og,, which has the smallest HR
factor (S = 2.41) of all the defects considered here. It also has
aZPL energy (2.95 eV) that is just within the visible spectrum.
Asnoted in Sec. Il C5, its formation energy is relatively high,
but it could be formed by implantation or irradiation.
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TABLE II. Parameters characterizing the optical transitions for quantum defect candidates in BeO. The symmetry group (“Sym”) and

relevant transition are also listed.

Spin Ezp E.pns E.n Egc S Sym Transition
1 1/2 5.45 5.79 5.20 0.25 3.29 Csy A — A
Vg 0 5.09 5.92 4.22 0.87 15.42 Cs, A — A
(Vo-Lige) 1/2 5.20 5.57 4.96 0.24 3.15 Cyp, A — A
Vst 3/2 1.83 2.38 1.58 0.25 3.06 Csy Ay — Ay
Vé)e 1 1.44 2.80 0.70 0.74 7.88 Cyp, A" — A"
(Vge-Fo) 1 1.83 3.06 1.07 0.76 8.18 C A— A
(Vge-Fo)? 1/2 1.70 3.94 0.42 1.29 13.64 Cy A— A
Og. 1/2 2.95 3.41 2.73 0.22 2.41 C A—A

IV. SUMMARY AND CONCLUSIONS

Using first-principles calculations with a hybrid functional,
we have performed a comprehensive study of native point
defects in BeO. We found that, in equilibrium and in the ab-
sence of impurities, vacancies will be dominant, but the native
defects all have high formation energies and would be present
in low concentrations. We therefore suggest that in actual
materials the Fermi-level position and defect concentrations
are determined by unintentionally incorporated impurities.

Vacancies and vacancy-related complexes would still be
the dominant defects, and our analysis of internal optical tran-
sitions (Table II) indicates that oxygen vacancies may strongly
absorb in the UV, and could therefore be detrimental for opti-
cal coatings. Vg or related complexes could also lead to optical
absorption in the deep UV by allowing holes to be excited
to the VB or electrons into the CB. As for Vg, or related
complexes, internal transitions tend to be at lower energies
(in the visible range of the spectrum), and the position of the
defect levels relatively close to the VB (Fig. 4) indicates that
no hole excitation will occur, and electron excitation would
take place only at energies exceeding 8 eV (corresponding to
the vacuum UV region).

The results for native defects were used to discuss potential
quantum defects. Interesting candidates were investigated by
analyzing internal optical transitions and constructing CC di-
agrams. We identified V', Vi;, and Vj, as candidates for spin
qubits. V" is of special interest because it has already been
experimentally observed [39] and it has a relatively small HR

factor. However, the range of Fermi levels over which it is
stable is very small. We propose that forming a (Vo-Lige)°
complex will extend this range, leading to higher stability
while maintaining the desirable spin and optical properties.
A similar investigation of complex formation in the case of
V]Qe, leading to a (Vg.-Fo), did not yield the hoped-for im-
provement. Finally, the antisite defect Oy, was found to have
suitable optical transitions and a small HR factor. Overall,
because of its wide band gap and stability, BeO could be an
excellent host for quantum defects, with VJ , (Vo-Lige)? and
Og. as prime candidates.
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