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Vacancies and small polarons in SrTiO;
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Using first-principles calculations we investigate the impact of intrinsic defects and small polarons on the
electrical and optical properties of SrTiO;. We pay special attention to the seemingly contradictory role of
oxygen vacancies as shallow donor and source of deep-level luminescence, as reported in the literature. We find
that oxygen vacancies are double donors, and that one electron is easily ionized, explaining the shallow donor
behavior. The second electron is trapped in the form of a small polaron, and this additional binding energy
explains the behavior as a deep center that gives rise to blue luminescence. At low temperatures, holes become
self-trapped, and recombination of free electrons with self-trapped holes gives rise to green luminescence. These
results explain the intricate interplay between the observed green and blue luminescence in SrTiO;, and form a
framework for interpreting similar phenomena in other complex oxides.
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I. INTRODUCTION

SrTiO; (STO) crystallizes in the perovskite structure, has
a wide band gap of 3.25 eV [1], and it is often regarded as
a prototype complex oxide. It has served as a substrate to
grow other oxides, and it forms the basis for the complex-
oxide heterostructures that display two-dimensional electron
gases [2,3]. Experiments indicate that defects such as oxygen
vacancies easily form and strongly affect the electrical and
optical properties, simultaneously acting as a shallow donor
and as a deep center that causes luminescence well below the
band-gap energy. Oxygen vacancies have been invoked as a
source of n-type conductivity, which has been observed to
vary with oxygen partial pressure in the growth or annealing
environment [4-8]. Annealing under oxygen-rich conditions
suppresses the conductivity, while annealing in vacuum leads
to an increase in conductivity. This effect has been interpreted
in terms of annihilation or formation of oxygen vacancies
[4-7], which are thus implicitly assumed to behave as shallow
donors, i.e., point defects with electronic levels very close to
the conduction band. On the other hand, a strong and broad
blue luminescence peak (2.8-2.9 eV), typically observed at
room temperature in STO that has been irradiated, or annealed
in vacuum, has also been attributed to oxygen vacancies
[6-8]. It seems contradictory that the oxygen vacancy could
simultaneously be a shallow donor contributing to n-type
conductivity and be a source of deep-level luminescence—i.e.,
emit photons with energies significantly lower than the band
gap.

Several groups have investigated the luminescence spec-
trum of STO through photoluminescence (PL) [6,7,9-14]
or cathodoluminescence (CL) [8,15-17] experiments, and
conflicting interpretations have been put forward to explain
the observed peaks. At temperatures below 100 K, the
luminescence spectrum of STO is typically dominated by
a broad green luminescence band peaking at 2.4-2.5 eV
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[6,7,9-14]. At higher temperatures, the green band decreases,
and is replaced by a broad peak in the blue (2.8-2.9 eV)
[6,7,9,14]. Some authors have proposed that the green band
is caused by a recombination of a self-trapped exciton, in
which the electron and hole are localized on neighboring Ti
and O atoms [10,11,18]. Others have attributed the green
luminescence to the radiative decay of an exciton bound to
an oxygen-related defect [6] or to other unknown structural
intrinsic defects [13]. The blue luminescence, on the other
hand, has been associated with oxygen vacancies [6,7], or with
recombination of a free electron with a localized self-trapped
hole [12]. The mechanism behind the spectral change from
low to high temperatures, in which the intensity of the green
luminescence decreases and the blue peak emerges, has also
remained unresolved. A model based on single-carrier trap-
ping, bimolecular recombination, and Auger recombination
was proposed [9], but did not address the microscopic origins
of the luminescence.

First-principles electronic structure calculations for defects
in STO have also been reported [ 19-23], most of them focusing
on the oxygen vacancy. The issue of what is the most stable
charge state of the vacancy in n-type STO is still being debated,
even among research groups using similar methods [22,23].
Lin et al. [22] reported that the oxygen vacancy is stable in
the neutral charge state if the Fermi level is more than 2.6 eV
above the valence band; Choi et al. [23], on the other hand,
concluded that the vacancy is stable in a singly positive charge
state when the Fermi level is at the conduction-band minimum.

In the present work we untangle these puzzling results,
using first-principles calculations based on density functional
theory with a screened hybrid functional. We find that the
oxygen vacancy is a double donor in which the two electrons
display very different behavior: one electron is easily ionized,
explaining the shallow-donor character. The other is self-
trapped near the vacancy in the form of a small polaron; it
is this electron state that gives rise to the deep-level behavior
and the below-gap blue luminescence.

II. COMPUTATIONAL METHOD

The calculations are based on the generalized Kohn-
Sham theory [24] with the screened hybrid functional of
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Heyd, Scuseria, and Ernzerhof (HSE) [25]. The interactions
between the valence electrons and the ionic cores are treated
using projector augmented wave (PAW) potentials [26] as
implemented in the VASP code [27]. The PAW potentials for Sr,
Ti, and O contain 10, 4, and 6 valence electrons, respectively,
i.e., Sr:4s24p95s?, Ti:4s?3d?, and 0:25?2p*. The calculated
lattice parameter of 3.913 A for the cubic phase of STO is in
good agreement with the experimental value of 3.905 A 28],
as are the calculated indirect (R-I", 3.20 eV; expt.: 3.25 eV)
and direct (I'-T", 3.58 eV; expt.: 3.70 eV) band gaps [1]. The
defects and small polarons were simulated using a supercell
of 135 atoms, which is a 3 x 3 x 3 repetition of the five-atom
primitive cell of cubic STO. A 2 x 2 x 2 mesh of special k
points is used for integrations over the Brillouin zone and a
cutoff of 400 eV is used for the plane-wave basis set. We derive
thermodynamic transition levels from the formation energies
for each defect in all possible charge states, and determine
optical emission energies from formation-energy differences.

The formation energy of a vacancy Vx (X = Sr, Ti, O) in

charge state g is given by
ET (V) = Ea(VY) — Ea(STO) + ux +q - Er + A7,

ey
where Etot(V)?) is the total energy of the supercell containing a
vacancy of the species X in charge state g and E(STO) is the
total energy of an STO perfect crystal in the same supercell.
The atom of species X that is removed from the crystal is
placed in a reservoir of energy wy, referenced to the total
energy per atom of the standard phase for the element X. The
Fermi level Ef is the energy of the electron reservoir in the
solid, referenced to the valence-band maximum of the STO
perfect crystal. The last term AY is a charge-state dependent
correction due to the finite size of the supercell [29,30].

The chemical potentials wy (X = Sr, Ti, O) are treated
as variables, and can be chosen to represent experimental
conditions. They must satisfy the stability condition of STO,
namely,

Msr + i + 3o = AH(STO), 2

where AH;(STO) is the formation enthalpy of STO. The
chemical potentials are also bound by the formation of limiting
phases such as TiO, and SrO:

uTi + 20 < AH(TiOy), 3)

tse + o < AHy(Sr0), “

where A H¢(TiO,) and A H¢(SrO) are the formation enthalpies
of rutile TiO, and SrO in the rocksalt crystal structure.
The calculated formation enthalpies A H¢(STO) = —16.7 eV,
AH¢(TiOy) = —9.7 eV, and AH7(SrO) = —5.8 eV are in
good agreement with the experimental values [31].

The chemical potential o can in principle vary over a
wide range, from uo = 0to o = 1/3AH;(STO) = —5.6¢eV.
For a given o, pri can vary from ur; = AH¢(TiO;) — 2uo
to uti = AH;(STO) — AH;(SrO) — 2u0; the corresponding
limits on s, are psy = AHp(STO) — AH(TiO;) — po and
msr = AH¢(S1O) — o, respectively. Here, we present results
for wo = —3.1 eV, corresponding to equilibrium with an
O, gas at T =1000°C and po, =2 x 10~ Torr [32] to
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represent vacuum annealing. We also set uri = —4.0 eV
and sy = —3.4 eV, by taking TiO, as a limiting phase.
Formation energies for other conditions can be obtained by
using Egs. (1)-(4).

III. RESULTS AND DISCUSSION

A. Oxygen vacancy

Each oxygen atom in STO is bonded to two Ti atoms.
Therefore, forming an oxygen vacancy (V) results in two Ti
dangling bonds, which combine into bonding and antibonding
states. These states are composed mostly of d,2, which forms
the o bond between Ti and O. In the neutral charge state, V(()’,
the bonding state is 0.15 eV below the conduction band and
occupied with two electrons of opposite spins. The two Ti
atoms are slightly displaced towards the vacancy, by 1.4% of
the equilibrium Ti-O bond length as illustrated in Fig. 1(a).
In the singly positive charge state, V/, the bonding state is
occupied by one electron, making the center paramagnetic
with § = 1/2; the occupied spin-up bonding state is 0.51 eV
below the conduction band and the spin-down state is resonant
in the conduction band. The two Ti atoms are displaced away
from the vacancy by 3.1%, and the spin density is mostly
located in the vacant site, as shown in Fig. 1(b). Similar results
for the single-particle states of Vg and VJ were obtained
by Alexandrov et al., using a hybrid functional based on
a localized basis set [21]. The doubly positive charge state,
Vg 2, is characterized by large outward displacements of the
Ti atoms, by 6.7% [Fig. 1(c)]; in this case, both bonding and
antibonding states are unoccupied and lie as resonances in the
conduction band.

We also find that Vg’ % can trap up to two electrons in the
form of small polarons, in which the electrons are localized on
individual Ti atoms near the vacancy [Figs. 1(d)-1(f)], turning

@ o ® v © oy

S F P F L ;"d’d’d’ﬂf §°§d°§,°

Sj & Q o? O | s 3 o O 3 o? & Y

&8 e @ 5 g Ol

f@l et €@ O > @ PP
& o? £ & o? O & O e® <

(d) Vo +2,2 polarons

(®) Vy*2+1polaron

‘n,ﬂio ﬂin

) Vo*2+1polaron

°d’°°6704°°d"”§o° $ S5 8 O ef
& %8¢ & @4’@@&?
a&}g@a. &@ﬁﬁ‘a VIR Pt
& €896 f"’@@f

.p,J'

‘d.a

oIt o 8 o

-~

FIG. 1. (Color online) Oxygen vacancy in SrTiO; in different

charge states. (a) Neutral V3. (b) Singly positive V

', (c) Doubly

positive V 2. The complexes of Ve % with small polarons are also
shown: (d) the charge neutral complex (VO+ ) polarons) and (e),(f)
two different configurations of the singly positive complex (V¢ 241
polaron). The vacancy location is indicated with an empty square.
The isosurfaces correspond to 10% of the maximum value in each

plot.
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their oxidation state to Ti*". The complex of a V 2 with two
polarons, shown in Fig. 1(d), is overall charge neutral, but it
is clearly distinguished from the V§ in Fig. 1(a): in V{), the
trapped electrons are localized within the vacancy and occupy
defect states in the band gap, while in the complex the electrons
are trapped in the form of polarons, localized on Ti atoms near
the vacancy, which itself is in a +2 charge state and has no
defect states in the band gap. A complex can also be formed
between Vi 2 and one small polaron, as shown in Figs. 1(e)
and 1(f), effectively acting as a single donor. The lowest energy
configuration is shown in Fig. 1(f). We note that the polarons
next to the vacancy do not show a d,» character, indicating
that they do not originate from the broken Ti-O o bond of the
oxygen vacancy. Instead, they exhibit dy,, d,, or d., character,
associated with the e, states that form the bottom of the STO
conduction band.

These results clearly indicate that small electron polarons
tend to form near the oxygen vacancy, raising the question of
whether small polarons also exist as isolated species in STO.
To answer this question, we studied the possible formation of
a self-trapped electron in STO, in the absence of any vacancy,
by adding an electron to a stoichiometric supercell, breaking
the local symmetry around a given Ti atom and allowing the
lattice to relax. We find that the excess electron indeed becomes
localized on one Ti atom, leading to an expansion of the Ti-O
bond length by 2.3% [see Fig. 2(a)]. However, the total energy
of the supercell containing the isolated small polaron is 0.12
eV higher in energy than having an electron delocalized at
the bottom of the conduction band. This is in contrast to what
was found in TiO,, where an isolated small polaron is lower in
energy than a delocalized electron in the conduction band [33].
Therefore, we conclude that excess electrons in bulk STO do
not become localized in the form of small polarons, but may
materialize in the presence of a defect such as the oxygen
vacancy.

We also note that the complex formed of V2 and two
polarons can assume a number of different configurations in
which the polarons are localized on different Ti atoms around
the vacancy, including Ti atoms that are not nearest neighbors
of the vacancy. All these configurations result in total energies
that differ by less than 0.33 eV, which represents the energy
gain when removing one polaron from the complex. Similarly,
the complex of Vi 2 and one polaron can assume different
configurations where the trapped polaron can occupy different

(a) self-trapped electron (b)  self-trapped hole
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FIG. 2. (Color online) Spin density of self-trapped carriers in
SrTiOs. (a) Self-trapped electron. (b) Self-trapped hole. The iso-
surfaces correspond to 10% of the maximum value in each
plot.
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FIG. 3. (Color online) Formation energy as a function of Fermi
level for vacancy defects in SrTiOs;. (a) Oxygen vacancy. The
formation energies for the complexes with one and two polarons
are also shown. (b) Sr vacancy. (c) Ti vacancy.

Ti atoms around the vacancy [two of which are shown in
Figs. 1(e) and 1(f)]. These configurations vary in a range
limited by the energy required to remove the polaron from the
vacancy, which is 0.26 eV. This quantity can also be interpreted
as the binding energy of the complex.

The formation energy of the oxygen vacancy as a function
of the Fermi-level position is shown in Fig. 3(a). The neutral
Vg and singly ionized VJ ! configurations are always higher
in energy than the doubly ionized charge state VJ 2, even in
n-type STO in which the Fermi level lies near the bottom of
the conduction band. This indicates that the oxygen vacancy
is a double donor. The formation energies of the complexes
between Vg % and one or two polarons are also shown in
Fig. 3(a). The complex formed of V 2 and one polaron turns
out to be the most stable configuration for Fermi levels near the
conduction band. VJ 2 with two polarons, on the other hand,
is always higher in energy. Our results, therefore, show that
in n-type STO each oxygen vacancy traps one small polaron,
remaining in a 41 charge state and contributing one electron
to the conduction band.

B. Strontium and titanium vacancies

Due to the ionic nature of the bond between the Sr atoms
and the TiOg octahedra in STO, the Sr vacancy does not lead
to dangling bonds. Instead, in the neutral charge state, the
Sr vacancy leaves two holes in the valence band, which is
derived mostly from O 2p states. The holes, in turn, prefer
to become localized on separate O atoms next to the vacancy,
forming hole polarons. In Fig. 4(a) we show the spin density
of the neutral Sr vacancy. The holes prefer to occupy O sites
next to the vacancy, but stay as far as possible away from
each other in order to minimize Coulomb repulsion. As in the
case of small electron polarons near a doubly ionized oxygen
vacancy, configurations in which the holes occupy different
O sites near the Sr vacancy differ in energy by less than
0.20 eV.

The Sr vacancy can also be stabilized in the singly negative
Vs;l [Fig. 4(b)] and doubly negative Vs_r2 [Fig. 4(c)] charge
states. Formation energies for the different charge states are
shown in Fig. 3(b). The Sr vacancy is a double acceptor, acting
as a compensation center in n-type STO. The transition levels
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FIG. 4. (Color online) Strontium vacancy in SrTiO; in different
charge states. (a) Neutral Vsor. (b) Singly negative Vg . (c) Doubly
negative VS:Z. The vacancy location is indicated with an empty square.
The spin densities for V2 and Vg, are also shown, with the isosurfaces
corresponding to 10% of the maximum.

from-2 to —1 and from -1 to neutral occur at 0.30 eV and
0.20 eV above the valence band.

The removal of a Ti atom results in breaking six Ti-O bonds,
leaving six O dangling bonds and four holes. The distances
between the O atoms around the vacancy are too large for
the formation of O-O bonds. The resulting holes, instead of
being uniformly distributed among all six O atoms, localize
on individual O atoms, as in the case of the Sr vacancy.
The Ti vacancy can accept up to four electrons, Vj: with
q=0,—1,—2,—3, —4. Figures 5(a) and 5(b) show the
structure and spin densities for ¢ = —2 and —3; Fig. 5(c)
shows the local lattice structure around VT_i4. The formation
energy is shown in Fig. 3(c). The —3 charge state is only
metastable, i.e., always higher in energy than —4 and —2
charge states. The transition levels from —4 to —2 occur at
0.81 eV, from —2 to —1 at 0.62 eV, and from —1 to neutral
at 0.58 eV above the valence band. Therefore, the Ti vacancy
is stable in the —4 charge state in n-type STO, acting as a
compensation center.

C. Self-trapped holes

In addition to self-trapped electrons, we also investigated
the formation of self-trapped holes. We find that by removing
an electron from the valence band of a stoichiometric STO
crystal and breaking the local symmetry, the hole left in the
valence band becomes localized on an individual O atom,
leading to an elongation of the local Ti-O bond length by
4.5%. The spin density of the self-trapped hole is shown in
Fig. 2(b), indicating O 2p character. The total energy of the
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FIG. 5. (Color online) Titanium vacancy in SrTiO; in different
charge states. (a) Vi;%. (b) Vi°. (c) Vi,*. The vacancy location is
indicated with an empty square. The spin densities for V;? and V;°
are also shown, with the isosurfaces corresponding to 10% of the
maximum.
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supercell containing a self-trapped hole is 0.05 eV lower than
that containing a delocalized, free hole at the top of the valence
band. This result is not surprising given the low dispersion of
the O 2 p—derived valence band in STO, as in other oxides [34].
We conclude that self-trapped holes are stable in STO, at least
at low temperatures, in contrast to self-trapped electrons.

D. Impact on optical properties

Optical transitions involving defect levels need to be
distinguished from thermodynamic transition levels. The
Fermi-level positions where formation energies of different
charge states cross, in plots such as Fig. 3, correspond to
thermodynamic transition levels, in which the defect changes
its charge state from ¢ to ¢’ and the atomic positions assume
their equilibrium configuration both before and after the
transition. Thermodynamic levels can be probed, for example,
in deep-level transient spectroscopy (DLTS). In contrast,
optical transitions need to be determined using a configuration
coordinate diagram. The local lattice relaxations strongly
depend on the charge state, leading to significant Stokes
shifts and strong vibrational broadening of luminescence
peaks. Peak positions can be determined using the Franck-
Condon principle, by assuming that the atoms around the
defect do not have time to relax during the transition from
charge state ¢ to charge state ¢’ = ¢ £+ 1, and can thus
be obtained from the formation energies in charge states
g and ¢’, both in the lattice configuration of the initial
charge state g. Optical transition levels are usually determined
in photoluminescence (PL) or cathodoluminescence (CL)
experiments.

First, we consider the case of an oxygen vacancy in n-type
STO. The vacancy is most stable in the (V(;r 41 polaron)
configuration [Figs. 1(e) and 1(f)], meaning that an electron in
the form of a small polaron is bound to Vg 2. Upon excitation,
as in PL or CL experiments, electrons are generated in the
conduction band and holes in the valence band. The localized
electron near the vacancy can recombine with a hole in the
valence band, as depicted in Fig. 6(a), leaving the vacancy in
the 42 charge state. The calculated peak emission energy for
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FIG. 6. (Color online) Microscopic mechanisms for lumines-
cence processes in SrTiO;. (a) Recombination of an electron trapped
in an oxygen vacancy with a hole in the valence band, resulting
in blue luminescence. (b) Recombination of a free electron with a
self-trapped hole. (c),(d) Recombination of a free electron with a
hole trapped at (c) a Sr vacancy or (d) a Ti vacancy.
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FIG. 7. (Color online) Configuration coordinate diagram for the
green luminescence in SrTiO;. An electron-hole pair is created by
above-band-gap light excitation. The hole becomes self-trapped, and
an electron in the conduction band recombines with the self-trapped
hole, resulting in green luminescence.

the process (V;?* + Ipolaron) + hole — V% is 2.8 eV. This
result shows that the oxygen vacancy is responsible for the
blue luminescence peak, i.e., 0.4 eV less than the band-gap
energy, which is characteristic of a deep level located several
tenths of an eV below the band edge. This behavior coexists
with the nature of the oxygen vacancy as a shallow donor,
which implies a level very close to the band edge. The paradox
regarding this dual behavior is thus resolved by considering
the fact that two different charge-state transitions are involved
for this double donor: the +2/+ transition, which due to the
polaronic character of the electron in the + charge state lies
well below the conduction band, and the +/0 transition, which
has shallow-donor character.

We now turn to the source of the green luminescence. Our
results indicated that a self-trapped hole is slightly lower in
energy than a free hole in the valence band. We thus expect that,
at low temperatures, holes will readily become self-trapped.
Upon electron-hole creation, a free electron in the conduction
band will find and recombine with a self-trapped hole. This
process is illustrated in Fig. 6(b). We find that a free electron
recombining with a self-trapped hole leads to an emission peak
at 2.5 eV, according to the calculated configuration diagram
shown in Fig. 7. This explains the dominance of the green
luminescence at low temperatures [9]. As the temperature
increases, the concentration of self-trapped holes decreases;
indeed, with a 50 meV binding energy, self-trapped holes are
easily “ionized” to give rise to free holes in the valence band.
The small electron polaron trapped in the oxygen vacancy
then recombines with the available free holes, resulting in the
blue luminescence of Fig. 6(a). Our calculated hole polaron
binding energy of 50 meV can thus be interpreted as an
activation energy for the luminescence intensity as a function
of temperature. This value is in very good agreement with
the activation energy of 43 meV that was determined by
fitting the integrated intensity of the green luminescence as
a function of temperature [9,11], confirming our proposal for
the involvement of hole polarons.

Our results thus explain the shift from green to blue
luminescence as a function of temperature [9]. Since self-
trapped holes are intrinsic to STO at low temperatures, it also
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explains why the green luminescence (which does not require
the presence of point defects) is observed in undoped and
nonirradiated STO samples. The blue luminescence, on the
other hand, is expected to increase with the concentration
of oxygen vacancies, which can be increased by vacuum
annealing or by irradiation [9].

We also considered optical transitions involving Sr or Ti
vacancies. For the Sr vacancy, after electron-hole excitations,
a hole is captured by the negatively charged vacancy Vs_rz,
turning it into Vg '. An electron in the conduction band then
recombines with the localized hole bound to Vg, ', returning the
Sr vacancy to its original configuration (Vs_rz). We find that this
recombination leads to an emission peak at 2.0 eV [Fig. 6(c)].
An analogous process occurs for the Ti vacancy. The vacancy
is initially in the V{i“ configuration. After electron-hole pairs
are created, the vacancy traps a hole and turns into VT_13. A
free electron in the conduction band recombines with the
localized hole at VT_i3 , resulting in an emission peak at 1.2
eV, as illustrated in Fig. 6(d). We suggest that the Sr vacancy
is responsible for the luminescence peak around 2.0 eV that
has been observed [6,13], but the origin of which had not
previously been addressed.

Finally, we also investigated the possible formation of a
self-trapped exciton, in which a self-trapped hole is next to
a self-trapped electron. These calculations were performed
by constraining the occupation of the single-particle levels,
breaking the symmetry of the lattice, and allowing for lattice
relaxations. We find that the self-trapped exciton is unstable,
spontaneously relaxing to a configuration with a free electron
and a self-trapped hole. Similarly, we find that a self-trapped
hole neara (VO+ 2+ 1 polaron) complex is unstable. We attribute
these findings to unfavorable strain fields, since both the self-
trapped hole and the localized electron (either self-trapped or
near the oxygen vacancy) require Ti-O bonds to be elongated.
A local expansion of one Ti-O bond tends to favor compression
of the next O-Ti bond, making the pairing unstable.

The mechanisms for green and blue luminescence in STO,
as described above, are generic in nature and also expected
to occur in other complex oxides such as LiTaO;, LiNbOs3,
KTaOs;, and BaTiOs, in which PL peaks are observed that
significantly shift between 10 K and room temperature [14].
These compounds are similar to STO, with the transition-metal
atoms forming a backbone of corner-sharing octahedra with
the O atoms at the vertices, and the A site occupied by a
highly electropositive atom (Li, K, and Ba). In all of these
compounds, oxygen vacancies are expected to bind one or
two electrons, and holes to become self-trapped. At low
temperature recombination will be dominated by the self-
trapped holes, whereas at room temperature recombination
will involve electrons bound to the oxygen vacancies and
free holes. Our results therefore provide not only a detailed
explanation for the experimental observations in STO, but also
a comprehensive framework for understanding electronic and
optical processes in other complex oxides.

IV. SUMMARY

We have described the intricate relation between vacancies
and small polarons in STO. We find that oxygen vacancies are
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effectively single donors in n-type STO and give rise to blue
luminescence, acting simultaneously as a shallow donor and
a deep center. Holes, created in excitation processes, become
self-trapped at low temperatures, and the recombination of
a free electron with a self-trapped hole results in green
luminescence. Therefore, at low temperatures, free electrons
recombine with self-trapped holes. As the temperature is
raised, self-trapped holes become unstable with respect to free
holes; electrons bound to the oxygen vacancy then recombine
with the free holes giving rise to blue emission, explaining the
experimental observations.
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