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Abstract

We present the results of plane wave density functional theory calculations of oxygen vacancies and interstitial

oxygen atoms in monoclinic zirconia. After calculating the incorporation energies and structures of interstitial oxygen

atoms and formation energies of neutral oxygen vacancies, we consider the electron affinities and ionisation potentials

of these defects. These properties are especially important at the silicon/oxide interface in MOSFET devices, where

silicon may serve as an electron and hole source. The results demonstrate that interstitial oxygen atoms and positively

charged oxygen vacancies can trap electrons if the electron source (band offset) is higher than �2 eV above the top of

the zirconia valence band. � 2002 Elsevier Science Ltd. All rights reserved.

PACS: 77.22.C

1. Introduction

Recently zirconia related research has received
a boost due to an intensive search for new di-
electric materials capable of substituting silicon
dioxide in its role as gate dielectric in many mi-
croelectronic devices. Thin ZrO2 films grown on
silicon demonstrate favourable parameters, such
as high thermal stability and low leakage current
[1,2]. High resolution TEM indicated the presence
of both tetragonal and monoclinic phases in these
films [2], and therefore studies of defect properties
in these zirconia phases have become extremely
topical. In this paper we present the results of the
plane wave density functional theory (DFT) cal-

culations of oxygen vacancies and interstitial ox-
ygen atoms in monoclinic zirconia. An expanded
paper on this work with greater detail and dis-
cussion can be found in [3].

2. Method

All the calculations have been performed using
the plane wave basis VASP code [4,5], imple-
menting spin-polarized DFT and the generalized
gradient approximation (GGA). We have used
ultrasoft Vanderbilt pseudopotentials [6,7] to rep-
resent the core electrons. In order to validate
both the pseudopotentials and the method itself,
extensive calculations were performed on the three
dominant bulk phases of zirconia: cubic, tetr-
agonal and monoclinic. In all cases the agree-
ment between calculated and experimental values
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was excellent [3], demonstrating that both the
pseudopotentials and method are suitable for this
study.

All defect calculations were made with a 96
(�1) atom unit cell, which is generated by ex-
tending the 12 atom monoclinic unit cell by two in
all three dimensions. For this cell, the total energy
was found to converge to 10 meV for a plane cutoff
of 500 eV and 2 k-points. The large size of the cell
separates the periodic defect images by over 10 �AA,
greatly reducing the unphysical interactions be-
tween them. For geometry relaxation we used a
combination of conjugate-gradient energy mini-
mization and quasi-Newton force minimization.
During defect calculations the lattice vectors of the
cell were frozen and all atoms were allowed to
relax until atomic forces were less than 0.05 eV/�AA.

A neutralizing background was applied to the
unit cell for calculations of charged defects. The
fact that the zero one-electron energy level re-
mained in a consistent position with respect to the
zirconia valence band in all defect calculations
gives us confidence that this method gives a good
representation of an isolated defect in an infinite
non-defective crystal.

The vacancy formation energies EforðdefectÞ (or
equivalently, the oxygen incorporation energies)
were calculated for the fully relaxed geometry of
the defected supercell ðEðdefectÞÞ with respect to
the perfect monoclinic 96 atom unit cell ðEðperÞÞ
and an isolated oxygen atom ðEðOÞÞ according to

EforðdefectÞ ¼ EðdefectÞ � ðEðperÞ þ EðOÞÞ: ð1Þ

3. Point defects

3.1. Oxygen interstitials

Four possible interstitial defects (O0, O�, O2�,
Oþ) have been considered in this study. Further,
each interstitial can form a stable defect pair with
either a tetragonally (tetra) or triply bonded (triple)
lattice oxygen (see Fig. 1), hence a total of seven
interstitial defect systems are investigated (the
hole on oxygen has only been considered for the
X3 site). For ease of reference all values associ-
ated with a triply bonded oxygen will be labelled X3

and all associated with a tetragonally bonded ox-
ygen will be labelled X4, where X is the defect
species.

The atomic oxygen formation energy relative to
the non-defective zirconia structure and half of the
energy of an isolated O2 molecule, EðOÞ, (see Eq.
(1)) is þ1.4 eV for O0

3 and þ2.2 eV for O0
4. A

positive value indicates an endothermic process,
which involves dissociation of the O2 molecule.
Subtracting half of the theoretical dissociation
energy, which is equal 5.88 eV in our calculations,
from EðOÞ gives the energy of an oxygen atom in a
triplet state as �1.97 eV, and we find that a single
O atom is incorporated in the monoclinic zirconia
lattice with an energy gain of �1.6 eV (O0

3) and
�0.8 eV (O0

4). These values are close to those
found for the oxygen formation in zircon (ZrSiO4)
[8]. They can be also compared with those reported
in the literature for the same process in alpha-
quartz. Using a periodic LDA approach Hamann
has found an formation energy of �0.86 eV [9];
a similar value, �0.7 eV has been reported from
correlated cluster calculations [10], and �0.9 eV in
recent DFT GGA-II calculations [11].

Below we discuss the electron-trapping proper-
ties of interstitial oxygen sites. For the O0

4 site, we
found that when extra electrons are added to the
system, there is no stable energy minimum for the
oxygen interstitial near to the tetragonal site. In
fact the interstitial undergoes large displacements
and moves to the most easily available triple ox-
ygen site, forming an O�

3 defect. Due to this and
since the triple oxygen site ðO0

3Þ in zirconia is en-
ergetically favoured for interstitial formation, we
will now focus in detail only on defects incorpo-
rated at that site.

Fig. 1. Diagram showing the tetragonal (left) and triple-planar

(right) bonding of the oxygen ions in the monoclinic phase of

zirconia as calculated in this work. Distances are in �AA.
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Fig. 2 shows the fully relaxed charge density
and position of ions near to a neutral oxygen in-
terstitial. The charge density shows that the in-
terstitial and lattice oxygen form a strong covalent
bond, and effectively become a ‘dumbbell’ defect
pair within the lattice. This configuration is similar
to previous calculations of neutral oxygen inter-
stitials in zircon [8], but differs from the ‘peroxy-
bridge’ seen in silica calculations [11]. The lattice
oxygen relaxes by up to 0.5 �AA to accommodate the
interstitial, distorting the original triple-planar O–
Zr3 group (see Fig. 1) into a slight pyramid with its
apex pointing away from the interstitial. The Zr
sublattice remains more or less undisturbed,
with the nearest zirconium (ZrA) to the pair only
relaxing by around 0.05 �AA. The defect is in the
singlet state, with equal spin up and spin down
components. Integration of the charge around the
oxygens at a given radius gives the same values for
both the interstitial and the lattice oxygen, indi-
cating that significant charge has been transferred
to the interstitial.

When one or two extra electrons were added to
the system, they initially went to the conduction
band and did not localise fully on the defect until
after the system was relaxed. Effectively none of
the oxygen interstitials have a significant vertical
electron affinity. In fact the strong lattice relax-
ation is required to stabilise a charged defect. In
particular, the introduction of the first extra elec-
tron to the neutral interstitial causes the interstitial

and lattice oxygen to separate, both displacing by
about 0.2 �AA and also causing a 0.1 �AA displacement
of the ZrA. Overall this reduces the covalent bond
between them significantly. However, they remain
effectively identical, with identical charge for a
given radius. Calculation of the charge density
difference between the system before and after the
introduction of the electron show that the electron
is completely localised on the defect pair.

For the final interstitial, the doubly charged
oxygen interstitial in Fig. 3, the charge density and
positions differ significantly to that demonstrated
for the singly charged defect. The interstitial is
now displaced significantly (about 0.5 �AA) to ac-
commodate the extra electron and occupies an
effective new triple site (see Fig. 3), bonding with a
third Zr ion. For the single charged interstitial, the
third nearest Zr ion was over 2.5 �AA from the in-
terstitial and no bond could be seen in the charge
density. In this new configuration, the oxygen ion
forms slightly elongated bonds with the Zr ions
compared to the normal lattice triple site. There is
a corresponding reduction in the covalent bond
between them. The defect remains in the singlet
state, with equal spin components. Again, calcu-
lation of the charge density difference between the
system before and after the introduction of the
electron show that the electron is completely lo-
calised on Oi and OA.

In order to study hole trapping, we have also
simulated the case when an electron was removed

Fig. 2. Charge density and schematic diagram of neutral oxygen interstitial (Oi) near a triply bonded oxygen (OA) in zirconia. Charge

density is in 0.1 e/�AA and all distances are in �AA.
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from the system with the neutral interstitial.
However, the hole does not localise on the defect
and remains almost completely delocalised. This
may represent a well-known error in the kinetic
energy calculated in DFT which favours deloca-
lised over localised defect states and can also be
seen for the V�

4 defect below. Therefore this result
may not be accurate and will not be discussed in
detail.

3.2. Vacancies

In respect of two types of oxygen atoms in
monoclinic zirconia we considered vacancies of
four and threefold coordinated oxygen: V4 and V3.
The main properties of both types of vacancies
are very similar and the discussion below is pre-
sented in terms of fourfold coordinated vacancy
V4, however, important differences between the
two types will be emphasized.

We start our discussion from considering a
neutral vacancy, which is formed by omitting one
neutral oxygen atom from the 96 atom unit cell.
Formation of the neutral vacancy leads to a
very small relaxation of the four neighbouring Zr
ions with displacements of only about 0.01–0.02 �AA
from their positions in the perfect crystal. The
corresponding relaxation energy is �0.11 eV. The
vacancy formation energy is EforðV4Þ ¼ 8:90 eV

and EforðV3Þ ¼ 8:88 eV. It is defined as EforðVÞ ¼
EðvacancyÞ þ EðOÞ � EðperfectÞ, where E(va-
cancy) and E(perfect) are the supercell energy for
the defective and the perfect systems, respectively,
and EðOÞ ¼ �1:97 eV is the same as used for the
interstitial calculations. We should note that the
vacancy formation energy is quite similar to those
obtained for silica and MgO (see, for example,
[12,13]).

The neutral vacancy has a double-occupied en-
ergy level deep in the forbidden gap and is strongly
localised. This energy level is situated �2.2 eV
above the top of the valence band. The maps of the
corresponding charge density in the plane of three
Zr neighbours shows that it is a bonding combi-
nation of atomic orbitals of all four Zr neighbours
of the vacant site. Ionisation of the neutral oxygen
vacancy results in the creation of the positively
charged defect Vþ

4 . The remaining electron is
strongly localised near the vacant site (it also re-
flects the bonding character of the charge density
corresponding to the singly occupied localised
state). The atomic relaxation in this case is much
stronger than for the neutral vacancy: all four Zr
neighbours move apart from the vacant site by
about 0.1 �AA and the relaxation energy amounts
to 0.47 eV. Creation of the doubly positively
charged vacancy V2þ

4 is again accompanied by
further displacement of the surrounding four Zr

Fig. 3. Charge density and schematic diagram of doubly charged oxygen interstitial (Oi) near a triply bonded oxygen (OA) in zirconia.

Charge density is in 0.1 e/�AA and all distances are in �AA.
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ions which move apart from the vacant site by an
additional 0.1 �AA. This leads to an energy decrease
of 0.74 eV. This behaviour of lattice relaxation is
qualitatively similar to that for charged oxygen
vacancies in MgO [13].

There have been suggestions that negatively
charged vacancies (F0 centres [14]) can exist in
zirconia. Therefore we also considered trapping of
an additional electron at the neutral oxygen va-
cancy V0

4 and creation of the negatively charged
vacancy V�

4 . In this charged state the additional
electron is only weakly localised in the vicinity of
the vacancy. The corresponding spin maps clearly
show strong delocalisation of the spin over the
whole supercell. Therefore the atomic relaxation is
very small: all four Zr neighbours displace by less
than 0.02 �AA and the energy decreases by less than
0.1 eV.

4. Defect levels

In order to study the possible role of defects in
photo- and thermo-stimulated processes, and in
electronic devices, one needs to know the position
of defect states with respect to the bottom of the
conduction band of zirconia or to other electron or
hole sources, such as silicon. In this section we
analyse the data obtained for the oxygen and va-
cancy defects from this perspective.

This analysis requires comparing energies of
defects in different charge states. Several ap-
proaches to this analysis are possible, as discussed
in Ref. [3]. In this work we apply a semi-empirical
approach based on a common reference state U
where electrons or holes originate. For example, in
molecular calculations an electron after ionisation
goes to infinity, where its energy is thought to be
equal to zero. By analogy with a molecule, the
difference in the total energy between the perfect
lattice and that with one electron missing is the
ionisation energy or the position of the top of the
valence band with respect to the vacuum level.
This energy in VASP calculations is negative and
equal to about �1.78 eV. This means that the ‘zero
level’ where the ionised electron goes in our cal-
culations is at about �1.78 eV below the top of the
valence band. This value is determined by the

choice of pseudopotentials and the way the elec-
trostatic Madelung potential is calculated. In real
life, though, it should be somewhere above the
bottom of the conduction band. Therefore, if elec-
trons come to or go from the bottom of the con-
duction band, the energy of these electrons would
be U ¼ EgðexpÞ þ Eðper; 0Þ � Eðper;þÞ higher than
the zero level in our calculations. Here EgðexpÞ is
the band gap. We should note that our calculated
value of the band gap, 3.19 eV, is much smaller
than any experimental or more accurate theoreti-
cal estimates available. In particular, the UPS data
give 5.83 [15], EELS gives 4.2 eV [16], and the
calculated GW corrected LDA value is 5.4 eV [17].
For the sake of simplicity, for further discussion
we will use the UPS experimental value of
EgðexpÞ ¼ 5:83 eV. This gives the reference energy
as U ¼ 5:83þ 1:78 ¼ 7:61 eV. Using this reference
energy we can write further expressions for the the
ionization potential, and electron and hole affini-
ties as follows:

IpðDÞ ¼ EðD; qþ 1Þ þ U � EðD; qÞ; ð2Þ

veðDÞ ¼ EðD; qÞ � EðD; q� 1Þ þ U; ð3Þ

vhðDÞ ¼ EðD; qÞ � EðD; qþ 1Þ � U þ EgðexpÞ: ð4Þ

We present the calculated values in Table 1 and the
electron affinities are also shown in a schematic
energy diagram in Fig. 4.

Another way of estimating U would be to as-
sume that electrons come from the bottom of sil-
icon conduction band at the Si/ZrO2 interface.
This is particularly relevant for thin oxide films
where electrons can tunnel from the interface into
defect states [18]. Theoretical estimates [19] of the
valence band offset (3.3 eV) at the interface and the
band gap of Si (1.1 eV) are shown in Fig. 4.

Table 1

Ionization potential IpðDÞ, electron veðDÞ and hole vhðDÞ
affinities (in eV) of defects in different charge states

D V0
4 Vþ

4 V2þ
4 O0

3 O�
3 O2�

3

IpðDÞ 4.23 4.41 – 5.82 5.62 5.62

veðDÞ – 3.76 3.97 4.16 5.05 –

vhðDÞ 2.07 1.86 – 0.07 1.67 0.78
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We can see that singly and doubly charged va-
cancies, and neutral and singly charged oxygen
interstitials have positive electron affinities for
electrons coming from the bottom of the conduc-
tion band. The electron affinity for the neutral
vacancy cannot be accurately predicted because
the electron state is lying at the bottom of the
conduction band and depends on the accuracy of
calculation of the conduction band. From Fig. 4,
we can also see that doubly and singly charged
vacancies, and neutral and single-charged oxygen
interstitials can serve as traps for electrons at the
bottom of the silicon conduction band.

5. Conclusions

The results of the calculations demonstrate that
oxygen interstitials and vacancies are strongly lo-
calised. They produce electronic states in the band
gap, and O0

3 and O
�
3 , V

2þ
4 , and Vþ

4 centres can serve
as electron traps. They have similar formation
energies and properties to analogous defects in
other cubic oxides, silica and alkali halides.

These results also allow us to estimate the for-
mation energy of a neutral vacancy-oxygen atom
Frenkel defect pair, which is about 7.3 eV (with
respect to the oxygen atom in the triplet state).
This compares well with empirical calculations
which found an energy of 9.1 eV [20] for the an-
ion Frenkel pair and also with ab initio calcula-
tions of zircon [8] which also found an energy of
7.3 eV. This energy is much larger than the band
gap, suggesting that recombination of electron–
hole pairs created by crystal excitation with elec-
trons or photons cannot create Frenkel defect
pairs as it does in alkali halides or silica. This is in
agreement with the well-known radiation stability
of zirconia.
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