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Optical properties of vacancies in aluminum oxide (α-Al2O3) from first principles
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We employ first-principles calculations based on hybrid density functional theory to investigate the structural
and optical properties of the oxygen vacancy (VO) and aluminum vacancy (VAl) in α-Al2O3, the most stable
(corundum) phase of alumina. Our calculations facilitate the identification of experimental excitation and
luminescence spectra with specific electronic transitions at the vacancy sites. The absorption line shape for
excitation of an electron at V 0

O to the conduction-band minimum (CBM) is in excellent agreement with the
6.1 eV band detected by optical absorption spectroscopy, and we find that the 5.9 eV absorption band is
generated by an internal electron transition at V 0

O . We confirm that the slowly decaying 3.0 eV emission band
of the F center is due to a triplet-singlet transition at V 0

O . Our calculations also reveal that the 4.8 eV/5.4 eV
absorption and 3.8 eV emission bands assigned to the F+ center are generated by internal transitions at V +1

O .
The line shape for the excitation of an electron from V +1

O to the CBM agrees well with an absorption band at
6.4 eV, while the recombination of an electron with V +2

O also produces luminescence around 3.8 eV, but with a
considerably broader line shape. For Al vacancies, we confirm that the most prevalent configuration in α-Al2O3

is a split-vacancy configuration VAl,s, and we calculate migration barriers for different directions in the corundum
crystal. We predict absorption and emission spectra for the excitation and recombination of an electron localized
at V −3

Al and V −3
Al,s sites with the CBM. The line shapes of the two VAl configurations overlap and are considerably

broader than the spectra corresponding to VO.

DOI: 10.1103/5kvl-hktd

I. INTRODUCTION

Alumina (Al2O3) is a wide band-gap metal oxide with a
broad range of applications in electronic devices. In metal-
oxide-semiconductor (MOS) technologies, Al2O3 can be used
as a high-κ gate dielectric [1], to passivate the surface of
Si substrates [2] or as the tunneling layer of non-volatile
flash memory devices [3]. Emerging devices with channels
made of 2D materials frequently employ Al2O3 either as
an insulator or as a buffer layer to HfO2 [4,5]. Moreover,
Al2O3 is frequently used in superconducting qubits. The key
component in these devices is a Josephson junction, which is
commonly realized as an Al/Al2O3/Al stack [6]. Al2O3 is also
an attractive choice for the substrate of superconductor-based
integrated circuits due to its exceptionally low dielectric loss
value [7–9].
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In all these devices, defects in the oxide layer can lead to
reliability issues, as charges from the substrate can localize
at the defect sites and consequently change the electrostat-
ics. In MOS devices, this results in changes of important
device characteristics such as the threshold voltage. Similarly,
the quantum information of a qubit is sensitive to defect
states [10] arising from defects in the substrate or in the
tunnel barrier of the Josephson junction. Thus, to gain a
better understanding of decoherence phenomena and to im-
prove the performance of superconducting qubits and MOS
devices, a thorough understanding of the structural, elec-
tronic, and optical properties of potential defect candidates is
crucial.

Over the past decades, significant theoretical and exper-
imental efforts have been devoted to analyzing the oxygen
vacancy (VO) in Al2O3 [11–36]. Removal of an oxygen atom
from the corundum lattice results in two electrons remaining
at the vacancy site in the neutral charge state. Removing one
or both of these electrons results in V +1

O or V +2
O defects.

The oxygen vacancy can be classified as a deep donor, as
calculations [32] have shown it to have 0/+1 and +1/ + 2
charge-state transition levels (CTLs) deep inside the band gap.

In contrast, the aluminum vacancy (VAl) can be classified
as a deep acceptor since it can capture up to three additional
electrons at the defect site [32,37]. Theoretical studies have
predicted that the most stable configuration of the VAl is a
split vacancy (VAl,s) [37–40]. In this configuration, an Al atom
occupies the interstitial site halfway between two Al vacancies
along the c-axis. To date, only the stable charge states and the
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corresponding CTLs have been reported for vacancies in the
corundum structure of alumina (α-Al2O3).

While the CTLs give a good estimate of the energetic
position of optical transitions at the defect site, these lev-
els alone can not account for the vibrational broadening as
detected in spectroscopic measurements. The line shape of
absorption and luminescence spectra gives information about
the structural relaxations upon electronic transitions at the de-
fect site. By considering optical transitions between vibronic
levels of defects, it is possible to predict the form of the corre-
sponding line shape and, therefore, to identify optical spectra
with distinct electronic transitions at investigated defect
sites [41].

This work aims to determine the optical and vibra-
tional properties of vacancies in α-Al2O3 by means of
first-principles calculations to guide the interpretation of spec-
troscopy measurements. According to the formation-energy
analysis of Ref. [32], interstitials are less prevalent than va-
cancies. They also tend to have low migration barriers and are
thus unlikely to occur as isolated defects. We therefore focus
on vacancies in the present study. Following the approach
by Alkauskas et al. [41], optical transitions at the vacancies
are described with a configuration coordinate diagram (CCD),
using parameters obtained from hybrid density functional the-
ory (DFT) calculations. Structural relaxations upon charge
trapping are characterized with an effective phonon mode.
Based on these parameters, we calculate the absorption and
emission line shapes for the neutral and positively charged
oxygen vacancy.

First, we study the optical excitations of an electron lo-
calized at the vacancy site to the conduction-band minimum
(CBM) and from the valence band to the vacancy. We also
analyze internal transitions of an electron localized at V 0

O and
V +1

O to higher unoccupied states localized at the vacancy site.
This is followed by investigations of the recombination of
an electron from the conduction band with a hole localized
at the vacancy. In addition, we investigate the triplet-singlet
transition at V 0

O . Our first-principles investigations are in good
agreement with insights obtained from spectroscopic mea-
surements [14,16–20,22–26]. We confirm the identification of
the V 0

O with the F center and of the V +1
O with the F+ center and

provide details about different absorption and luminescence
mechanisms that have not been considered so far.

We also investigate the optical and vibrational properties
of the VAl, including the energetically preferred split vacancy
VAl,s. To the best of our knowledge, the Al vacancy has
not been identified with experimental optical spectra to date.
Additionally, we calculate energy barriers for VAl migration
based on the climbing image nudged elastic band (CI-NEB)
[42] and dimer [43] methods.

The paper is structured as follows: In Sec. II, the compu-
tational setup for the first-principles calculations is described.
Details about the methodologies employed to determine the
thermodynamic CTLs, to evaluate the strength of electron-
phonon coupling, and to analyze the optical broadening of
emission and absorption spectra are given. In Sec. III, the
results of the calculations are presented and discussed. Energy
barrier calculations for a transition from a VAl to a VAl,s con-
figuration in different charge states are presented. Absorption
and luminescence line shapes for optical transitions at VAl,s,

VAl, and VO are calculated and compared to experimental
spectroscopy measurements. Finally, in Sec. IV, we provide
a short summary and conclusions.

II. METHODOLOGY

A. Computational setup

The DFT calculations were performed with the Gaussian
plane wave (GPW) method as implemented in the CP2K
code [44]. We employ the range-separated PBE0_TC_LRC
hybrid functional [45] to accurately describe the electronic
structure, in particular, the localization of charge at a defect
site. The mixing parameter of this functional, which regulates
the portion of the Hartree-Fock exchange, was set to 0.27,
resulting in a band gap of 8.92 eV to match the experi-
mental gap of corundum at room temperature (8.8-9.2 eV
[30,46]). All calculations were carried out at the � point,
and we employ a cutoff of 800 Ry for the expansion in
the plane-wave basis set. To obtain a precise description of
the vibrational modes of the defect structures, we enforce
very tight convergence criteria for the energies and forces
of 0.5 µeV and 0.8 meV Å−1, respectively. Excited states
were calculated within the non-Aufbau � self-consistent field
(�SCF) approach [47], employing the maximum overlap
method (MOM) [48] to force the occupation of a localized
state above the CBM during the SCF cycle.

The cell parameters of the pristine bulk were relaxed until
the residual stress was below 1 MPa, resulting in a mass
density of 4.0 g cm−3, which agrees with experimentally
determined mass densities of corundum (3.984 g cm−3 [49]).
The calculated lattice parameters of the 30-atom conventional
cell of α-Al2O3 (space group R3c) are a = b = 4.76 Å and
c = 12.97 Å, which is in good agreement with the experimen-
tal values of a = b = 4.76 Å and c = 12.99 Å [50]. All Al
atoms are bonded to 6 O atoms, while all O are bonded to 4 Al.
Three of the six Al–O bonds have a bond length of 1.97 Å, the
other three 1.86 Å. The bond lengths agree with experimental
data from x-ray measurements (1.97 and 1.86 Å [50]).

All defect calculations were performed in a 240-atom su-
percell, which is obtained by taking a 4 × 2 × 1 multiple of
the 30-atom conventional cell and then converting it to an
orthorhombic cell. The defect supercell containing a single
vacancy was created by removing one atom and optimiz-
ing the geometry of the structure in different charge states.
Migration paths between stable VAl configurations were cal-
culated with the CI-NEB method [42] and further optimized
with the dimer method [43]. For the CI-NEB calculations,
we use 16 intermediate images and a spring constant of
4.9 eV Å−2. Convergence of the minimum energy path was
achieved when the maximum force acting on the band was
below 0.02 eV Å−1 and the maximum displacement on the
band was below 10−4 Å.

B. Charge-state transition level

The formation energy Eq
form of a defect in charge state q is

given by [51]

Eq
form = Eq

tot − Ebulk
tot +

∑
i

μini + qEF + E corr, (1)
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where Eq
tot is the total energy of a supercell containing one

defect in charge state q, and Ebulk
tot is the total energy of the

pristine bulk supercell. ni is the number of atoms of type
i removed from the system, and μi is the corresponding
chemical potential. We referenced μO to half of the energy
of an O2 molecule and μAl to the energy of an Al atom in
the aluminum crystal. The Fermi energy EF is given with
respect to the valence-band maximum (VBM) of the pristine
bulk. E corr is a correction term accounting for the spurious
interactions of a charged supercell with its periodic image
according to the Freysoldt-Neugebauer-Van de Walle cor-
rection scheme and the potential alignment of the bulk and
defective supercell far away from the vacancy [52,53]. The
correction term was calculated with a static dielectric tensor of
εxx,yy,zz = (8.63, 8.75, 10.6), as obtained from extracting the
change of dipole moment according to the modern theory of
polarization in a solid under a small applied constant electrical
field [54,55].

The CTL corresponds to the Fermi energy, where the for-
mation energies of two different charge states are equal and
a transition in the lowest-energy charge state occurs. CTLs
determine the electrical activity of a given defect and can
be observed in electrical or optical measurements. The CTL
(referenced to the VBM) is defined as

ε(q/q′) = Eq
form(EF = 0) − Eq′

form(EF = 0)

q′ − q
, (2)

where the formation energies are evaluated at the VBM
(EF = 0).

C. Electron-phonon coupling

When describing the dynamics of electron capture or re-
lease at a defect site, electron-phonon interactions have to
be considered [41]. Upon localization of a charge carrier at
a defect site, the attractive and repulsive forces change, and
the system relaxes to a new minimum energy configuration.
The strength of electron-phonon coupling for such a relax-
ation can be quantified by the Huang-Rhys factor S, which
gives the average number of emitted phonons during structural
relaxations upon charge trapping. A full description of this
relaxation involves addressing a multidimensional vibrational
problem. However, when S is sufficiently high (S � 1), such
a transition can efficiently be described by a one-dimensional
CCD diagram [56]. Such a diagram is shown for the −3/ − 2
transition of the VAl,s in Fig. 1.

The effective mode of the transition is obtained by linearly
interpolating images between the stable defect configurations.
We then calculate the energies as a function of displace-
ment in the two different charge states, corresponding to the
ground and excited states [57–59]. The results of the energy
calculations are depicted as circles. In the 1D harmonic ap-
proximation, the potential energy surface near the defect site is
described by a parabolic function corresponding to the effec-
tive phonon mode E (Q) = 1

2�2Q2. We explicitly verified that
the harmonic approximation is well satisfied for all transitions
studied here.

FIG. 1. 1D configuration coordinate diagram for the optical tran-
sitions between an electron localized at an aluminum split vacancy
and the CBM. The −2/ − 3 CTL gives the energetic position of
the defect state in the band gap. The potential energy curves in the
ground (g) and excited (e) states are obtained by parabolic fits to
the energies of linearly interpolated images between the two equi-
librium configurations, which are depicted by the circles. �Eg,e are
the relaxation energies, EZPL represents the zero-phonon line, �Q
the mass-weighted configuration coordinate change. The vibrational
wave functions of the harmonic oscillators χg,e are shown for n, m =
0, 10, 20.

� gives the frequency of the effective mode and

�Q2 =
∑
α,i

mα�R2
αi (3)

gives the mass-weighted configuration coordinate change.
Here, α is the index of the atom and �Rαi = Re;αi − Rg;αi the
distortion vector with Re;αi and Rg;αi being the coordinates i of
the excited and ground state, respectively.

The position of the defect level in the band gap is deter-
mined by the CTL, with the energy difference between the
equilibrium energies corresponding to the zero-phonon line
EZPL. Relaxation energies upon absorption or emission are
denoted by �Ee,g and are related to the Franck-Condon shift,
the difference in energy between absorption and emission
peaks. Within the 1D approximation, the Huang-Rhys factor
of the optical transition is given by:

Sg,e = �Eg,e

h̄�g,e
, (4)

where �g,e are the vibrational frequencies of the ground (g)
and excited (e) states.

096202-3



CHRISTOPH WILHELMER et al. PHYSICAL REVIEW MATERIALS 9, 096202 (2025)

D. Optical properties

Following the general theory of luminescence [60,61], the
line shape function or normalized luminescence intensity of a
dipole-allowed optical transition is given by

Lem(h̄ω) = Cω3A(h̄ω), (5)

with C−1 = ∫
A(h̄ω)ω3d (h̄ω) and A(h̄ω) being the spectral

function

A(h̄ω) =
∑
m,n

wm(T )|〈χem|χgn〉|2

· δ(EZPL + h̄�em − h̄�gn − h̄ω). (6)

Here, wm(T ) is the thermal occupation of the vibrational
level m in the initial electronic state of the transition, which
follows a Bose-Einstein distribution in thermal equilibrium.
Optical transitions m → n are proportional to the so-called
Franck-Condon overlap integrals |〈χem|χgn〉|. The vibrational
wave functions χn and χm are solutions of the quantum me-
chanical oscillator defined by the CCD. For calculations of
the luminescence line shape functions, vibrational excitations
ranging from 0 to (mmax, nmax) = (20, 60) were considered. A
Gaussian function with σ = 0.6h̄�e was used to replace the
Dirac delta function [41,56], which is the lowest value that
allows obtaining a smooth line shape.

For S � 1, the temperature-dependent broadening of lumi-
nescence and absorption bands can reliably be predicted based
on quantities derived from the 1D CCD [56]. Following [62],
the full width at half maximum (FWHM) of the broadened
emission spectrum as a function of the temperature T can be
calculated with parameters extracted from the CCD:

W (T ) = W0

√
coth

(
h̄�e

2kBT

)

=
√

8 ln 2
Sgh̄�g√

Se

√
coth

(
h̄�e

2kBT

)
. (7)

Starting from Eq. (6), the normalized absorption line shape
can be expressed by [60,63]

Lab(h̄ω) = DωA(h̄ω) (8)

with D−1 = ∫
A(h̄ω)ωd (h̄ω). The initial state prior to the

transition is weighted by its thermal occupation wn(T ), and
vibrational excitations ranging from 0 to (mmax, nmax) =
(60, 20) are considered.

III. RESULTS AND DISCUSSION

A. Charge-state transition levels

An accurate calculation of the CTL is crucial for theoret-
ically predicting the optical properties of defects. As can be
seen in Fig. 1, the energy of the emitted or absorbed photon
at the vacancy is related to the energetic position of the CTL
relative to the band edges. Our results for CTLs are listed in
Table I and compared with the previous results. While other
details of the calculations, such as a posteriori corrections,
also play a role, we attribute the differences mainly to the use
of different functionals employed in the DFT calculations.

TABLE I. Calculated charge-state transition levels of vacancies
in α-Al2O3. Results obtained with PBE0_TC_LRC are from this
work; for comparison, results from previous work are listed, labeled
with the functional used (in the case of LDA [37] and PBE [38,64]
additional corrections were applied). All energy levels (in eV) are
referenced to the VBM.

Defect ε(q1/q′) PBE0 HSE [32] PBE [38]/[64] LDA [37]

VO ε(+2/ + 1) 3.88 3.2 –/2.8 3.3
VO ε(+1/0) 4.37 4.1 –/2.9 3.5
VAl ε(+4/ + 3) 0.21
VAl ε(+3/ + 2) 0.57
VAl ε(+2/ + 1) 1.06
VAl ε(+1/0) 1.65
VAl ε(0/ − 1) 1.97 1.4 0.4/0.1 0.6
VAl ε(−1/ − 2) 2.49 1.7 1.2/0.2 0.7
VAl ε(−2/ − 3) 2.99 2.6 1.3/0.4 1.5
VAl,s ε(+4/ + 3) 0.77
VAl,s ε(+3/ + 1) 0.84
VAl,s ε(+1/0) 1.54
VAl,s ε(0/ − 1) 1.85 0.4/– 0.3
VAl,s ε(−1/ − 2) 2.26 0.7
VAl,s ε(−2/ − 3) 2.53 1.0
Band gap 8.92 9.2 5.7/7.5 6.9

1. Oxygen vacancy

The results for the formation energy are shown in Fig. 2,
and the corresponding CTLs are given in Table I.

For the VO, ε(0/ + 1) and ε(+1/ + 2) are located near
midgap and follow a +2/ + 1/0 progression with increas-
ing Fermi energy. The lowest unoccupied molecular orbital
(LUMO) of the VO structure is delocalized, while the three
next higher states are localized around the vacancy site in
agreement with previous DFT results [29,65,66].

2. Aluminum vacancy

For both the VAl and VAl,s, we find a large number of
CTLs in the band gap, corresponding to varying occupations
of the oxygen dangling-bond states surrounding the vacancy.

FIG. 2. Formation energy of the investigated vacancy configu-
rations in α-Al2O3 as a function of the Fermi level. The related
charge-state transition levels are given in Table I. The energy of VO

is shown for O-rich conditions, and the energy of VAl for Al-rich
conditions.
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TABLE II. Migration barriers of VAl in charge states q = −3 and
q = 0, including results from Ref. [68] where indicated. The labeling
of the Al positions is explained in Fig. 4.

Migration path Ea for q = 0 [eV] Ea for q = −3 [eV]

VAl,4 → VAl,int 1.93 [68] 1.71
VAl,int → VAl,4 0.32 [68] 0.28
VAl,int → VAl,3 0.32 [68] 0.24
VAl,3 → VAl,int 1.93 [68] 1.67
VAl1 ↔ VAl2 1.80 [68] 1.59
VAl1 ↔ VAl3 2.05 [68] 1.96
VAl2 → VAl,s 1.97, 1.56 [68] 1.17
VAl,s → VAl4 1.92, 1.61 [68] 1.92

For Fermi energies above 2.99 eV (2.53 eV), V −3
Al (V −3

Al,s) is
the most stable charge state. The formation energy of the V 0

Al
configuration is 0.07 eV lower than for the V 0

Al,s. In contrast,
the energy of VAl is 0.02 eV higher for q = −1, 0.28 eV higher
for q = −2 and 0.75 eV higher in energy for q = −3 com-
pared to VAl,s. These results qualitatively agree with the results
of previous calculations, while quantitatively the calculated
defect levels are considerably higher than with PBE [38,64]
and LDA [37] due to the improved evaluation of the electronic
band gap.

In addition to three unoccupied Kohn-Sham states within
the band gap, the removal of an Al atom also introduces six
occupied Kohn-Sham states in the lower part of the band
gap, hybridized around the O atoms surrounding the vacancy.
Adding electrons gives rise to the −1, −2, and −3 charge
states, but positive charge states can also be generated by
removing electrons; these positive charge states were not dis-
cussed in previous theoretical studies [32,37,38,64]. We find
that up to four holes can be trapped, leading to the CTLs listed
in Table I.

The atomic structure of V −3
Al is shown in Fig. 3(a). As

shown in Fig. 3(b) for q = −3, the VAl,s can be regarded as a
complex consisting of an interstitial Al atom situated between
two VAl sites along the c-axis [37–40]. We verified that in
α-Al2O3 the VAl,s is stable only in this orientation, unlike the
case of β-Ga2O3, where due to the lower symmetry of the
monoclinic structure, the split vacancy can occur in multiple
orientations [67].

B. Aluminum vacancy migration

Migration barriers Ea for V −3
Al were calculated with the

dimer method. The migration paths are illustrated in Fig. 4,
and the corresponding energy barriers for vacancy migration
along these paths are given in Table II. For the V −3

Al migration
between the Al3-Al4 sites an intermediate metastable configu-
ration V −3

Al,int was found which is 1.43 eV higher in energy than
V −3

Al . Results for these migration paths for V 0
Al were reported in

Ref. [68]; we include these results in Table II. However, since
the V −3

Al and V −3
Al,s are stable for most Fermi levels within the

band gap, the barriers for charge state q = −3 should govern
the Al migration in α-Al2O3.

The path between V −3
Al2

[shown in Fig. 3(a)] and V −3
Al4

goes
through the split-vacancy site V −3

Al,s, which is lower in energy

FIG. 3. (a) Rendering of α-Al2O3 with a VAl defect relaxed in
charge state q = −3. Al–O bond lengths are given, and the black
arrows at O atoms show the direction and magnitude of relaxation
referenced to positions in the perfect crystal. O atoms are drawn
in red, Al in blue, Al vacancy positions are illustrated by a dashed
circle. (b) Rendering of α-Al2O3 with a VAl,s defect relaxed in charge
state q = −3. In this vacancy configuration, an Al atom occupies
the interstitial site between two vacant Al sites along the c axis.
(c) Migration barrier from V −3

Al to V −3
Al,s to V −3

Al as calculated with
CI-NEB.

than those substitutional sites in the q = −3 charge state.
We calculated this migration path between VAl and VAl,s con-
figuration with the CI-NEB method for q = −3 and q = 0.
Slight asymmetries in the potential energy curve [Fig. 3(b)]
are attributed to the image spacing of the CI-NEB method.
The resulting barriers Ea are included in Table II for q = 0 and
q = −3. The Al atom that moves toward the vacancy is orig-
inally at an adjacent lattice site along the c-axis. As this Al
atom moves towards VAl, it localizes at a new minimum-
energy configuration corresponding to the VAl,s site. The
energy barrier Ea therefore occurs for a position of the Al atom
in between the VAl and VAl,s configurations.

Our results confirm that the VAl,s is the prevalent cation de-
ficiency configuration in α-Al2O3 [37–40]. The large energy
difference �E = 0.75 eV relative to VAl for q = −3 indicates
that most vacancies in the system occupy the split-vacancy
state, since occupation ratios are given by the Boltzmann fac-
tor e−(dE/kBT ). Furthermore, once VAl,s forms, it is less likely
to transition to VAl compared to the reverse process due to the
different energy barriers (see Table II).
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FIG. 4. Al positions for the calculated migration barriers of VAl

in the α-Al2O3 lattice viewed from the [1210] direction. O atoms are
drawn in red and Al in blue. The [0001] direction corresponds to the
c-axis of the crystal.

C. Optical properties

1. Configuration coordinate diagrams

We investigate optical transitions corresponding to the ex-
citation of an electron from the vacancy site to the CBM and
the corresponding recombination of an excited electron from
the CBM with a hole localized at the vacancy site.

We also study the internal transitions of V 0
O and V +1

O , where
the excited state (V 0∗

O ) is evaluated with the �SCF method
[47]. During the �SCF calculations, an electron at the va-
cancy site is promoted to a localized orbital above the CBM.
During the structural relaxations, this occupied excited state
shifts to below the CBM. The V 0

O was also relaxed while
enforcing a triplet electron configuration V 0t

O . V 0t

O was further
utilized to correct the multideterminant excited state of V 0

O
obtained from the �SCF approach to evaluate the energy of
the excited singlet state [69]. We note that internal transitions
were previously studied with time-dependent DFT, resulting
in three internal absorption bands for both F and F+ centers
[27].

The effective parameters to model the potential energy
curves in 1D upon charge trapping as described in Sec. II C
were calculated for the V 0/+1

O , V +1/+1∗
O , V +1/+2

O , V 0/0∗
O , V 0/0t

O ,
V −3/−2

Al and V −3/−2
Al,s transitions. The order in which the charge

states are listed in the superscripts indicates initial/final states;
e.g., for absorption V 0/+1

O refers to the case where V 0
O is the

initial state and V +1
O (plus an electron in the conduction band)

the final state. For the VO, the investigation of these specific
transitions was motivated by the frequent identification of the
F+ and F centers with singly and doubly charged oxygen

vacancies in experimental studies [22,26,30]. For both VAl

configurations, optical transitions from the vacancy in charge
state q = −3 to the CBM were calculated. −3 is the most
prevalent charge state of VAl for a wide range of Fermi levels
in the band gap (as discussed in Sec. III A 2).

For each investigated transition, 11 images were linearly
interpolated between the atomic configurations of the equi-
librium positions in the two different electron configurations.
Effective frequencies �g,e were obtained by fitting a parabolic
function to the energies of the interpolated images as calcu-
lated with DFT. �Q was evaluated according to Eq. (3), S
according to Eq. (4) and W0 = W (T = 0 K) of the emission
line shape according to Eq. (7). The resulting values are
given in Table III. We note that the width of the absorption
band of a certain transition can deviate from W0 of the corre-
sponding emission band due to different relaxation energies
(�Eg 
= �Ee).

The removal of an electron from both the V 0
O and the V +1

O is
accompanied by significant relaxations of the surrounding Al
atoms away from the vacancy, resulting in the large �Q and
Huang-Rhys factors of the 0/ + 1 and +1/ + 2 transitions.
For the Al vacancies, the atomic relaxations are not quite as
large, but still result in significant �Q and S values.

2. Absorption

We first study optical absorption processes corresponding
to the excitation of a localized electron at the vacancy site to
the CBM. The line shapes of the absorption spectra for the
V 0/+1

O , V +1/+2
O , V −3/−2

Al , and V −3/−2
Al,s transitions were calcu-

lated according to Eq. (8) with the effective parameters of the
CCDs from Table III. We also calculate the absorption line
shapes for the internal transitions of an electron at V 0

O and V +1
O

to a higher unoccupied localized state at the vacancy. The re-
sults are shown in Fig. 5. Figure 5 also includes experimental
spectra from Refs. [17,22–26]; the areas of all experimental
spectra were normalized to 1 to facilitate comparison with
calculated line shapes. To allow easier comparison with ex-
perimental data, the calculated spectra were slightly shifted;
magnitudes of these shifts are given below. Such shifts could
result from a variety of effects, such as slight inaccuracies
in the charge correction schemes or typical DFT errors (e.g.,
self-interaction error) in the exchange-correlation functional
[40,70–72]. The electronic defect levels and the calculated
transitions assigned to absorption and luminescence bands of
the F and F+ center are summarized in Fig. 6.

For the V 0/+1
O transition, our calculations reveal an ab-

sorption line shape centered in very good agreement with
measurements for the F center [26], as shown in Fig. 5(a)
(shift 0.13 eV). We thus assign the origin of the 6.1 eV
absorption band to the V 0

O defect, in agreement with insights
obtained from experiments [16,22,23].

Experimentally, when the sample is kept in the dark for
several weeks, only the 6.1 eV absorption band has been
detected in nonoriented samples in Ref. [18] in the energy
range between 3.0 and 6.5 eV. This strongly suggests that only
F -centers (V 0

O defects) were present in the equilibrated sam-
ple. Based on the calculated CTLs in Fig. 2 and Table I, we
thus conclude that the Fermi level in these α-Al2O3 samples
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TABLE III. Effective parameters of the optical transitions within the 1D approximation for vacancies in α-Al2O3. W0 is the width of the
emission lineshape at T = 0 K.

Defectq1/q2 �Q [amu1/2 Å] h̄�g [meV] h̄�e [meV] Sg Se EZPL [eV] W0 [eV]

V 0/0∗
O 2.75 26 29 23.6 25.7 5.42 0.29

V 0/0t

O 2.91 27 30 26.9 29.9 3.35 0.31
V 0/+1

O 2.02 53 54 25.7 26.3 4.55 0.63
V +1/+1∗

O 2.03 33 34 16.0 16.9 4.17 0.30
V +1/+2

O 2.82 37 37 35.1 34.9 5.04 0.51
V −3/−2

Al 1.58 67 60 20.0 17.2 5.92 0.76
V −3/−2

Al,s 1.65 64 58 20.5 17.8 6.40 0.73

is above 4.3 eV. This also implies that all Al vacancies are in
the q = −3 charge state.

The absorption band for the internal transition of the elec-
tron at the V 0

O to the lowest unoccupied localized state at
the vacancy site, giving rise to the V 0∗

O excited state, is also
shown in Fig. 5(a). It compares very well with the 5.9 eV

FIG. 5. (a) Absorption line shapes for the internal V 0/0∗
O transi-

tion compared with spectroscopy data of the 5.9 eV excitation band
(Weinstein et al. [25]) and the excitation of an electron from V 0

O to the
CBM compared with absorption spectroscopy data of the F center
(Surdo et al. [26]). (b) Absorption line shapes for the internal V +1/+1∗

O

and V +1/+1∗∗
O transitions and the excitation of an electron from V +1

O

to the CBM compared with measured absorption spectra assigned to
the F+ center (Evans et al. [17,22], Surdo et al. [23], Weinstein et al.
[24]); (c) excitation of an electron from V −3

Al or V −3
Al,s to the CBM.

Calculated spectra were slightly shifted for better comparison with
experimental data, as discussed in the text.

absorption band detected by Weinstein et al. [24] (after ap-
plying a shift of −0.24 eV). Similar bands have also been
reported in [23,34,35]. The 5.9 eV band observed in Ref. [35]
exhibited the same annealing behavior as the 6.1 eV band,
which is attributed to the V 0/+1

O transition. As illustrated in
Fig. 6, this strongly suggests that both bands have the same
origin, namely V 0

O , in agreement with the assignments based
on our calculations.

In Fig. 5(b), we show the absorption line shape for optical
excitation of an electron localized at V +1

O to the CBM; the
calculated line shape is centered at 6.33 eV with a FWHM
of 0.65 eV at T = 293 K. This compares very well with
an absorption peak at 6.28 eV with an assigned FWHM
of 0.68 ± 0.01 eV as detected in [24] (shift of −0.05 eV).
A similar spectrum was tentatively related to an absorption
band of the F+ center in Ref. [17] with an assigned peak of
6.3 ± 0.2 eV and FWHM <0.8 eV. Furthermore, absorption
peaks around 6.3 eV were detected in Refs. [25,26].

Figure 5(b) also shows the absorption band for the inter-
nal V +1/+1∗

O transition. This V +1/+1∗
O transition compares very

well with the 4.8 eV absorption band assigned to the inter-
nal transition of the F+ center from experimental literature
[17,22] (after applying a shift of 0.12 eV). This absorption
leads to luminescence with a peak at 3.8 eV as depicted

FIG. 6. Overview of optical transitions at the F and F+ centers
in α-Al2O3. Defect levels and transitions are drawn according to their
EZPL and CTLs. The energies in parentheses next to the transitions in-
dicate the peak energy of the respective band, which can be compared
with experimental results. Wavy arrows denote nonradiative decay
from excited states to lower energy states. The colors correspond to
the respective lineshapes in Figs. 5 and 7.

096202-7



CHRISTOPH WILHELMER et al. PHYSICAL REVIEW MATERIALS 9, 096202 (2025)

in Fig. 6 and discussed in Sec. III C 3. Absorption bands at
4.8 eV were also detected in Refs. [12,15,17,18,25,28,34].

References [17,22,23] reported that absorption at ∼5.4 eV
was also associated with emission at 3.8 eV. This absorption is
distinct from the 4.8 eV peak, which we assigned to the inter-
nal V +1/+1∗

O transition above. The 5.4 eV absorption band was
previously proposed to be generated by an internal transition
to a higher localized state [14,22,27]. As shown in Fig. 6, our
calculations indeed reveal the presence of a second localized
state, with a Kohn-Sham state 0.47 eV higher in energy than
the first localized state, very close to the difference in the peak
energies of the 4.8 eV and 5.4 eV absorption bands.

Unfortunately, with our �SCF/MOM approach, we could
not achieve stable occupation of this second localized state,
which we label V +1∗∗

O , and therefore could not explicitly
calculate structural relaxations. As an approximation, we
modeled the V +1/+1∗∗

O transition using the effective parame-
ters of the V +1/+1∗

O transition, taking the difference in EZPL

of the transitions as the energy difference between the two
unoccupied Kohn-Sham states (0.47 eV). We indeed expect
that the structural relaxations upon occupation of V +1∗∗

O would
be comparable to those V +1∗

O , since the wave functions of
both states have a similar spatial distribution (hybridized over
four Al around the vacancy) and both transitions preserve
the charge state of the vacancy. The resulting absorption
line shape for the V +1/+1∗∗

O transition compares well with the
5.4 eV excitation spectrum detected by Surdo et al. [23], as
shown in Fig. 5(b) (after applying a shift of 0.20 eV).

The interpretations of our calculations also align with con-
siderations concerning changes in defect density. In Ref. [35],
it was demonstrated that the 4.8 eV, 5.4 eV, and the electron
paramagnetic resonance (EPR) signal intensity of the F+
center all exhibit the same annealing behavior over a large
temperature range, suggesting that they have the same origin.
Additionally, Ref. [18] showed that bleaching with 6.4 eV
light increases both the 4.8 eV and 5.4 eV band when only F
centers are present in the crystal. This increase is consistent
with the generation of V +1

O defects according to the V 0/+1
O

transition.
Absorption line shapes for band edge transitions of the

aluminum vacancies are calculated for T = 77 K and shown
in Fig. 5(c). The peaks of the line shapes are separated by
0.46 eV due to the different ε(−2/ − 3) CTLs of the two
distinct configurations. To the best of our knowledge, so far
no absorption or excitation spectra above 6.5 eV have been
related to specific defect centers. We note, however, that the
Gaussian decomposition of the optical absorption spectrum in
Ref. [34] suggests a broad peak at 7.6 eV that could corre-
spond to the V −3/−2

Al,s transition.

3. Emission

We first calculate the emission line shapes according to
Eq. (5) for the recombination of an electron from the CBM
with a localized hole at the vacancy sites. The results for the
V +2/+1

O , V −2/−3
Al and V −2/−3

Al,s transitions are shown in Fig. 7(a).

Additionally, Fig. 7(b) shows the triplet-singlet V 0t/0
O and

internal V +1∗/+1
O transitions. The transitions at the oxygen

vacancy and their assignments to experimental luminescence

FIG. 7. (a) Calculated luminescence line shapes (solid lines) for
the recombination of an electron at the CBM with a hole localized
at V +2

O , V −2
Al or V −2

Al,s at T = 8 K. Colors correspond to the same
transitions as given in the legend of panel (c). The data points denote
the emission line shapes of the F+ center as measured by Surdo
et al. [26]. (b) Calculated luminescence line shapes (solid lines) for
the triplet-singlet transition V 0t/0

O and the internal transition V +1∗/+1
O .

The data points denote emission line shapes of the F center as
measured by Brewer et al. [19] and of the F+ center as measured by
Evans et al. [17,22]. Calculated spectra in (a) and (b) were slightly
shifted to facilitate comparison with experimental data. The areas
of the experimental spectra were normalized to 1. (c) FWHM of
the calculated emission line shapes from (a) and (b) as a function
of the temperature T in comparison with experimental data (same
references as given in (b)). W (T = 0 K) values are given in Table III.

bands of the F and F+ centers are summarized in the state
diagram in Fig. 6. The temperature-dependent FWHM of the
emission line shapes were calculated according to Eq. (7) and
are shown in Fig. 7(c). Measurements of the FWHM as a
function of T allow determining both the Huang-Rhys factor
and the vibrational frequencies by fitting to Eq. (7).
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For F+, the line shape of V +2/+1
O for a transition from

the CBM to V +2
O in Fig. 7(a) is evaluated for T = 8 K to

compare with experimental data from Ref. [26]. It was thereby
shifted by +0.02 eV to match the experimental band centered
at 3.8 eV. The line shape agrees well with the luminescence
spectrum detected for the F+ center [26] when the exciting
light was polarized parallel to the c-axis of the crystal.

For the F center, we found that the V 0∗
O state lies above

the CBM and, consequently, EZPL of the V 0/0∗
O transition is

higher than the energy to ionize V 0
O to V +1

O [Fig. 5(a)]. We
therefore believe that upon internal excitation, the electron at
V 0

O is rapidly lost to the conduction band (see Fig. 6), and
luminescence according to a V 0∗/0

O transition is unlikely to
occur.

However, such a process would also effectively convert V 0
O

to V +1
O . If the electron is captured by V +1∗

O and the vacancy
subsequently relaxes to the ground state, it generates light
according to an internal transition V +1∗/+1

O of the F+ center.
This might be the reason for the assignment of the 5.9 eV
absorption band to the F+ center in some experimental works
[23,24]. Additionally, 5.9 eV light can excite an electron from
V +1

O to the CBM as shown in Fig. 5(b). When the electron at
the CBM recombines with a hole at V +2

O , it generates the broad
luminescence band around 3.8 eV as shown in Fig. 7(a).

The luminescence band of the internal V +1∗/+1
O transition

is shown in Fig. 7(b) for T = 77 K. The calculated line shape
compares very well with the detected luminescence spectrum,
with a peak at 3.8 eV assigned to internal transitions of the F+
center from Refs. [17,22] (after applying a shift of +0.13 eV).
Similar luminescence spectra were reported for the F+ center
in Refs. [18,30,33]. In these experimental studies, the 3.8 eV
luminescence band was excited with light at either 4.8 eV
or 5.4 eV, in agreement with absorption calculated for the
internal V +1/+1∗

O and V +1/+1∗∗
O transitions in Sec. III C 2. For

the 5.4 eV absorption, it is assumed that the V ∗∗
O state quickly

relaxes to V ∗
O , which then gives the 3.8 eV emission [22] as

illustrated in Fig. 6.
We obtain W (0) = 0.30 eV for the V +1∗/+1

O transition,
which is close to the experimental value assigned to the F+
center (0.34 eV [17] and 0.35 eV [18]). The temperature
dependence of the broadening also agrees well with experi-
mental data of the F+ center luminescence [17] as shown in
Fig. 7(c). Thus, we provide further evidence that the F+ center
in corundum is a V +1

O defect and that the luminescence band
at 3.8 eV is generated by the internal V +1∗/+1

O transition.
A luminescence band centered at 3.0 eV has also been at-

tributed to the F center [18,19,26]; because of its long lifetime
(in the millisecond range), it was suspected to originate from
a triplet-singlet transition. Our calculated emission line shape
for the triplet-singlet (V 0t/0

O ) transition is shown in Fig. 7(b).
It is evaluated at T = 20 K to compare with a detected lu-
minescence spectrum of the F center from Ref. [19] after
applying a shift of +0.38 eV. The calculated broadening of
W (0) = 0.31 eV is in reasonable agreement with the assigned
experimental value of 0.36 eV [19]. Additionally, the detected
temperature dependence of the FWHM [19] is well captured
by our calculations, as shown in Fig. 7(c). Similar lumines-
cence spectra centered at 3.0 eV were also related to the F

center by other experimental works [22,26,30]. We note that
direct recombination of an electron from the CBM with V +

O 1
would also result in emission with a peak around 3 eV, but
with a much broader emission line shape (W0 = 0.63 eV).
Such a broad emission has not been detected by luminescence
spectroscopy, to the best of our knowledge.

We propose the following mechanism for the formation of
the triplet state: as discussed above and depicted in Fig. 6,
excitation of an electron from VO results in formation of V +1

O ,
either by direct excitation to the conduction band, or by in-
ternal excitation followed by transfer of the electron to the
conduction band. The electron can then get captured into the
triplet state, V 0t

O , by nonradiative decay. Our calculations thus
confirm the assumption that the 3.0 eV luminescence band in
α-Al2O3 is due to the triplet-singlet transition of the neutral
oxygen vacancy.

The calculated emission line shapes for the −2/ − 3 tran-
sition at the aluminum vacancy are also included in Fig. 7(a),
for both the VAl and the VAl,s configurations. The spectra of VAl

and VAl,s overlap, with the peak of the split Al vacancy being
0.5 eV higher in energy compared to the single Al vacancy.
To the best of our knowledge, no experimental papers have
attempted to assign observed photoluminescence spectra to
Al vacancies. Nevertheless, the positions of the calculated
line shapes are in reasonable agreement with a broad lumi-
nescence band that was observed in Al2O3 between 200 and
350 nm (3.5 to 6.2 eV) [13] and was suggested to consist of
multiple peaks. Peaks around 240 nm (5.2 eV) and 280 nm
(4.4 eV) could be consistent with the line shapes shown in
Fig. 7(a); the reported long lifetime is also consistent with the
relatively low rate expected for electron capture onto a −2
charge state.

In Fig. 7(c), we also show the calculated FWHM of the
spectra as a function of temperature. The width of the V −2/−3

Al
emission spectrum is slightly larger compared to the width of
the V −2/−3

Al,s transition due to the larger effective frequencies.

IV. SUMMARY AND CONCLUSION

We have characterized vacancies in α-Al2O3 with hybrid
functional calculations in the supercell approach and evalu-
ated optical emission and absorption processes at the defect
sites with a configuration coordinate model. Our formation
energy and CI-NEB calculations indicate that the Al vacancy
(VAl) is likely to form in a split-vacancy configuration VAl,s,
where an Al atom occupies an interstitial position between
two VAl sites in the corundum lattice along the c-axis. Migra-
tion barriers for V −3

Al were evaluated with the dimer method
for different directions in the corundum crystal.

We also calculated absorption and emission line shapes
for the exchange of carriers between the vacancies and the
band edges, as well as for internal transitions. The results are
summarized in Fig. 6.

The calculated absorption line shape of the V 0/+1
O transition

closely matches spectroscopic measurements for the F cen-
ter centered around 6.1 eV. In agreement with experimental
assumptions, our calculations demonstrate that the 3.0 eV
luminescence band of the F center is due to an internal triplet-
singlet transition at V 0

O . Additionally, we argue that the 5.9 eV
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absorption band is generated by an internal transition of an
electron at V 0

O to a localized state above the CBM. When the
excited electron relaxes to the CBM or to an excited state of
the F+ center, it can generate light at 3.8 eV in agreement
with suggestions in experimental papers.

The calculated absorption and emission line shapes of the
V +1

O closely match spectroscopy data assigned to the F+ cen-
ter. We find that the 4.8 eV and 5.4 eV absorption bands are
related to internal transitions of the localized electron at V +1

O .
These transitions also produce the characteristic F+ center
emission band at 3.8 eV.

Additionally, we find the absorption band for excitation of
an electron at V +1

O to the CBM to be in reasonable agreement
with absorption spectroscopy data centered around 6.4 eV.
The calculated luminescence line shape for a transition of an
electron from the CBM to V +2

O is in excellent agreement with
the observed broader emission spectrum of the F+ center,
which overlaps with the internal transition centered at 3.8 eV.
Our first-principles calculations thus give evidence for the
identification of the F+ center with the singly charged oxygen
vacancy.

We also report calculated absorption and luminescence
spectra for the exchange of an electron at V −3

Al and V −3
Al,s with

the CBM. The line shapes of both Al vacancy configurations
are broader than for the VO, and they overlap with a peak sep-
aration of 0.5 eV. We hope that these predictions will aid in
the identification of the microscopic origin of experimentally
observed lines.
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