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First principles calculations of the atomic, electronic structure,
and phonons frequencies were performed to investigate
confinement effects on the oxygen vacancy (the F color
center) in BaZrOj; ultrathin films. The defect was considered
both inside the films and on the (001) surface with BaO and
ZrO, terminations. We consider the effects of the one-
dimensional confinement through varying the number of

1 Introduction In this short paper we consider the
effects of the one-dimensional confinement on the energetic,
electronic, and thermodynamic properties of perovskite thin
films containing the color F centers (an oxygen vacancy with
two trapped electrons: V§ in the Kroger—Vink nomencla-
ture [1]) in a comparison with the bulk defect. We focused
our attention on three main effects that could arise from the
dimensional confinement: the localization of the defect wave
function, the restricted relaxation volume available for the
surrounding ions and the confinement of lattice vibrations
within thin films.

We consider BaZrO; as a prototype for a wide class of
cubic ABO;-type perovskites (space group Pm3m). The
oxygen vacancies are very common defects in perovskites and
understanding their properties in very thin films is important
for many applications, such as new switching resistive
memories [2], nano-capacitators [3, 4], spintronics [5], and
proton conducting fuels cells [6]. When an oxygen ion is
removed from the regular lattice site, the surrounding lattice is
relaxed and two electrons remaining from a missing O~ ion
are redistributed between a vacancy and nearest ions, in order
to achieve minimum of the total energy.

So far a number of first principles studies were
performed for oxygen vacancies in BaZrO; (e.g. [7]) and
SrTiO; (e.g. [8]) but not in thin films. On the other hand, the
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planes in the films from 3 to 9 and comparing the results with
those obtained for the bulk material. We have studied how the
one-dimensional confinement affects the electronic properties
(band structure, Mulliken atomic charges) and the phonon
frequencies of the defective systems, and thus how the defect
formation energy in thin films at finite temperatures is affected
as compared with the bulk material.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

first study of confinement effects was recently performed for
the F centers in thin films of SrTiO5 [9]). It was shown that
the effects are expected to be short-range, limited to the
nm-thick thin films. We extend this study methodologically,
taking into account the phonon contribution into the free
energy for defect formation at realistic temperatures where
devices are operating.

2 Method We performed the linear-combination-of-
atomic-orbitals (LCAO) ab initio calculations within the
HF-DFT hybrid approximation applying periodic boundary
conditions. The hybrid Perdew—Burke—-Ernzerhof (PBEOQ)
exchange-correlation functional [10] was used as imple-
mented in the CRYSTALO9 computer package [11].

We rely on a supercell model in our simulations of defect
behavior in the bulk material and the thin films. To avoid
excessive interaction between the defect and its spurious
images in bulk material, we used a 3 x 3 x 3 expansion (135
atoms) of 5-atom primitive unit cell, thus, corresponding to a
vacancy concentration of 3.70%. Due to computational costs
we calculated the vibrational modes of the bulk material
employing a smaller supercell (2 x 2 X 2 expansion, con-
taining 40 atoms).

Thin films were modeled using the slabs with a two-
dimensional periodicity and a 3 x 3 square lattice expansion.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Graphic representation of type-I and type-II films. In the
first case the central plane has composition BaO whereas in the
latter ZrO,. The orientation of the Zr—O(V)—Zr defect complex is
underlined.

We considered the (001) slabs symmetrical on both sides,
containing from 3 to 9 layers (with an odd number of planes,
to exploit in the calculations the symmetry brought by the
reflection plane situated in the slab central layer), thus,
corresponding to non-stochiometric free-standing films with
a thickness varied roughly between 0.4 and 1.7nm. We
considered both kinds of possible termination layers (BaO
and ZrO, planes). We call, hereafter, the films as type-I or
type-1I depending if the central plane composition is BaO or
ZrO,, respectively, see Fig. 1.

We used a 3 x 3 x 3 and a 3 x 3 Monkhorst-Pack mesh
of k-points in the Brillouin Zone [12], respectively, for bulk
and thin films. The basis set of BaZrO3z was optimized in the
previous study [13]. It consisted of Gaussian-type functions
and pseudopotentials for Ba and Zr taken from pseudopo-
tential library of Stuttgart/Cologne group [14]. In contrast,
the all-electron basis set was used for oxygen. We studied the
defective systems in the singlet state since our preliminary
calculations on the bulk BaZrO; have shown that the
triplet state lies much higher (1.14eV) in energy than
singlet. The geometry of both bulk and BaZrO; films was
fully optimized, relaxing both cell parameters and atomic
coordinates.

With this computational setup, we reproduced correctly
the experimental band gap of the material; the result is
important for the study of defects, as oxygen vacancies in
ABOs; perovskites, that originate levels inside this gap.
The calculated gap of 5.36 eV was in a very good agreement
with the experimental one (5.33eV) [15]. We reproduced
correctly also the bulk lattice constant: the computed
value of 4.195 A is very close to the value of 4.192 A found
in experiments [16]. The Mulliken population analysis
shows the bonding character in BaZrO; has a consistent
covalent contribution (g(Ba)=1.66 e, q(Zr)=2.35 e, q(O)=
—1.33 e).

To describe possible localization of the electronic
density within the oxygen vacancy, we kept there the basis
(“ghost”) functions of the missing O atom.

The F centers were considered in both the bulk and in
thin films — in the central plane and on slab surfaces. In the
surface defect study, we removed fwo oxygen atoms from
the opposite surfaces, to fully exploit the symmetry of the
system. We calculated the formation energy of the defect at
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zero temperature (zero-point energy excluded) as a function
of the film thickness using the standard expression:

1
AE; (Edef — B 4 gEO2), (1)

n
where E%' represents the total electronic energy of the
defective system containing n oxygen vacancies (in our
case n =2 in the films where the F center is considered on the
slab surfaces; in all the other cases n=1), EP*T is the total
electronic energy of the perfect system and E©? the total
electronic energy of a free oxygen molecule in its triplet
ground state.

To take into account the effects of the finite temperature,
we calculate the phonon frequencies in the harmonic
approximation at the I'-point of the Brillouin zone. The
dynamical matrix is obtained by computing numerically the
first derivative of the atomic energy gradients [17] displacing
the atoms along the Cartesian coordinates by steps of
0.001 A.

We performed the calculation at the constant pressure of
one atmosphere for systems containing one oxygen vacancy
in the bulk and in the central plane of the thin films, and then
we calculated the formation energy of the F center at finite
temperatures according to the relation:

AA(T) = A“N(T) = A*(T) + o (T), 2)

where A%f(T) and AP (T) are the Helmholtz energies for
the system containing the oxygen vacancy and the perfect
one, respectively, and pq is the chemical potential of an
oxygen atom (half the energy of an oxygen molecule:
wo(T) =1/2A0,(T) corresponding to the case of an
oxygen rich atmosphere). Notice that in our systems the
relaxation volumes relative to the introduction of the F center
are very small, thus the pAV term in the Gibbs free energy of
formation is completely negligible and the value of AA/(T')
should be very similar to that of AG(T).

3 Results and discussions

3.1 Properties of the F center in bulk and the
center of thin films The F center does not affect much the
geometry of the bulk material: the nearest Zr cations are
displaced outwards by <1% ay. The Mulliken population
analysis [18] shows that the vacancy traps one electron
(g(Vo)=—1.03 ¢); while another electron is delocalized,
mainly on the nearest cations. In the supercell used the defect
creates a new occupied band in the gap with a width
(dispersion) §=0.14eV being located by Ac¢=1.63eV
below the conduction band at the I'-point. This is in
agreement with previous observation that the F-center in
zirconates are deep defects [19], unlike in SrTiO5 ([8]).

In thin films with one oxygen vacancy in the central
plane, the local atomic structure around the vacancy differs
from that discussed for the bulk only for the thinnest films
made of just three lattice planes for both type-I and type-II
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Table 1 Geometrical parameters for the F center in bulk and in the
central plane of BaZrOj thin films. The displacements with respect
to the perfect system (Ad in A) are reported for the oxygen vacancy
and its neighbors in the first three coordination shells. A negative
Ad means an inward relaxation. The data are displayed as a function
of the number of planes (V) and the type of termination plane (T) for
type-1, type-II films, and bulk BaZrO;.

type-I1 N/T Ad(Vo-Zr) Ad(Vo-Ba) Ad(Vo-0)
3/Z10, —0.14 0.03 —0.12
5/BaO 0.06 —0.02 —0.01
71210, ~0.02 0.00 —0.05
9/BaO 0.01 0.00 —0.03
BULK 0.00 0.00 —0.03
type-II N/T Ad(Vo-Zr) Ad(Vo-Ba) Ad(Vo-O)
3/BaO —0.15 0.05 —0.17
5/Zt0, —0.02 0.00 —0.04
7/BaO ~0.03 0.00 —0.04
9/710, —0.02 0.00 —0.04
BULK 0.00 0.00 —0.03

films. As Table 1 shows, the distances between Vg and its
neighbors in the first three coordination shells converge
rapidly to the bulk value; only in 3-plane films the Zr—Vg
and O-Vg distances are distinctly shorter (=10% for Zr—Vo
and ~7% for O-Vy), indicating that practically confinement
effects on the local structure of the F center are minimal.
The Mulliken population analysis (Table 2) shows also
that effective charge deviations from the bulk are consider-

Table 2 Electronic structure characteristics for the F center in bulk
and in the central plane of type-I and type-II thin films. A¢ indicates
the distance of the defective level with respect to the conduction
band minimum at the I"-point, 8¢ is the width of this band in the gap.
The Mulliken charges for the vacancy and its first Zr neighbors are
also reported. N is the number of planes in the slab and T the
termination plane.

type-1 N/'T Ae (V) 8¢ (eV) Mulliken charges (e)
Vo Zr
3/Zx0, 3.10 0.01 —1.09 2.30
5/BaO 1.42 0.01 —0.93 2.37
71710, 1.96 0.01 —1.03 2.37
9/BaO 1.83 0.11 —1.00 2.38
BULK 1.63 0.14 -1.03 2.39
type-1I N/T Ae (eV) 8¢ (eV) Mulliken charges (e)
VO 7Zr
3/BaO 2.48 0.13 —1.16 2.47
5/7r0, 1.65 0.15 —1.04 2.38
7/BaO 1.83 0.11 —1.06 2.40
9/710, 1.73 0.11 —1.04 2.34
BULK 1.63 0.14 —1.03 2.39
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able only for very thin films: 3,5-plane type-I and 3-plane for
type-II. This shows also that the type of termination plane
and the orientation of the Zr—Vo—Zr complex have some
effects on the electronic structure. In fact, type-I 5-plane film
(the Zr—Vo—Zr complex (Fig. 1) is oriented perpendicularly
to the surface) and type-II 3-plane film (Zr-V o—Zr parallel to
the surface) have the same termination layer (BaO surfaces),
but for the former the vacancy population is less than in the
bulk due to the electronic delocalization toward nearest
cations, while for the latter the vacancy population is larger
due to a charge transfer from the nearest Zr atoms. We do not
notice a dependence of the vacancy population with respect
to the orientation of the Zr—Vo—Zr complex when the
termination layer is a ZrO, surface.

Table 2 also shows the position (Ag) of the defective
band respectively the bottom of the conduction band and its
width (8¢) in the gap. The defective level oscillates around
the bulk value of 1.63 eV for both kind of thin films, and it
lies considerably deeper in the thinnest 3-plane films. The
width of the band is affected by the orientation of the Zr—Vo—
Zr complex; flatter bands occur in the type-I films, but
starting from nine layers and more the band width saturates
to the bulk value found in the 3 x 3 x 3 supercell.

Only for 3-plane slabs the formation energy of the F
center in the central plane of thin films, Eq. (1), differs
considerably (0.5 eV) from that in the bulk (6.97eV), see
Fig. 2. Thus, the confinement effects at low temperatures are
very-short ranged and noticeable only for very ultrathin films
(three planes); this depends slightly on the orientation of the
Zr—V o—Zr complex with respect to the film surface (parallel
or perpendicular). Note that a large contribution to AEf
comes from the complete film structure relaxation. In the 3-
plane slabs the structure relaxation lowers the formation
energy of the type-I films by 0.6 eV whereas for the type-II
by 0.9 eV. These values increase greatly when the number of
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Figure 2 Formation energy of the F center in BaZrOj thin films as
a function of the film thickness. The squares correspond to oxygen
vacancies in the center of the films, while the triangles to oxygen
vacancy on the film surfaces (see legend for details). The dashed
line shows the defect formation energy in the bulk.
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Table 3 Structural parameters for the F center on the surface. d is
the distance (in A) between the vacancy and its neighbors in the first
three coordination shells. The data are given as a function of plane
numbers () in a slab for BaO and ZrO, terminations.

BaO surface d(Vo—Zr) d(Vo—Ba) d(Vo-0)
5 2.49 3.05 3.13
7 2.48 3.05 3.13
9 2.48 3.05 3.13
ZrO, surface d(Vo—Zr) d(Vo—Ba) d(Vo-0)
5 2.18 322 2.96
7 2.19 3.18 2.96
9 2.19 3.16 2.97

layers is equal or larger than five; in this case the F' center
formation energy is reduced by ~2 eV, being slightly higher
for the BaO termination.

3.2 Properties of the F centers on the surface of
thin films The local lattice distortion around the surface F
centers is affected by the chemical nature of the terminating
plane containing the defect but is rather insensitive to the
film thickness (Table 3), indicating very short-range
interactions between the F center and its surroundings.

We have also calculated the formation energy of oxygen
vacancies on the surface of BaZrO; films, as previously
described. The results shown in Fig. 2 and are compared with
those obtained for the F center in the bulk and in the central
plane of the slabs.

It can be seen that the surface defect formation energy is
rather insensible to the film thickness. However, the
formation energy for the BaO termination is smaller than
for the ZrO, termination whereas the formation energy for
the bulk is in-between. In other words, we predict that the F'
centers tend to migrate from the bulk toward BaO surfaces
but not to ZrO, ones.

Table 4 shows the positions of the defective levels with
respect to the conduction band in films with different
termination layers. We can see that oxygen vacancies on the
BaO surface induce deeper defective bands (=0.2 eV) than
vacancies on the ZrQO, termination. We can also notice that
when oxygen vacancies are placed on the more ionic surface
(BaO), the defective band is split in two in 5-plane and
7-plane films. This means that the interaction of the oxygen
vacancies placed on the opposite BaO surfaces is completely
shielded only in thick films.

Note that in all cases the surface F centers creates deep
defects, similar as in the bulk. This is in agreement with the F
center calculations in other zirconates [19].

3.3 Contribution of phonons to the defect
formation energy In order to consider realistic external
conditions, we performed phonon calculations. We calcu-
lated the lattice vibration frequencies and the vacancy
formation energy for the 3-plane and 5-plane films of type-I
containing the F' center in their central plane and compared
with those obtained for the BaZrO; bulk.

To emphasize the contribution of phonons to the defect
formation energy, we have plotted in Fig. 3 two types of
curves. The solid curves are obtained plotting the formation
energy, as given by Eq. (2), with complete incorporation of
the phonon contribution as a function of the temperature;
while for dashed curves the defect formation energy was
plotted taking into account the temperature dependence of
the oxygen chemical potential only.

We can see that the contribution of phonons to the F
center formation energy is essential only at high temper-
atures. For example, at 1000K the formation energy is
increased by 0.1eV in the bulk, by 0.03 eV in 5-plane film
and by 0.2eV in 3-plane films. The difference between the
bold and dashed curves gives us the vibrational contribution
to the Helmholtz (Gibbs) defect formation energy:

AAyiy(T) = AUyin(T) — TASyin(T). 3)

Table 4 The electronic structure of the F center on the two different surfaces. The Mulliken charges (in units of the elementary charge ¢)
on the oxygen vacancy and its nearest Zr neighbors, the position of the defective levels in the band gap (A¢) and their dispersion in the

reciprocal space (§¢) are given.

BaO surface Mulliken charges Ae (eV) 8¢ (eV)
VO Zr
5 —-0.74 2.30 1.01 1.33 0.01 0.01
7 —-0.74 2.31 1.09 1.15 0.01 0.01
9 —0.74 2.31 1.10 0.02
ZrO, surface Mulliken charges Ag (eV) 8¢ (eV)
VO Zr
5 —0.88 2.29 1.04 0.02
7 —0.89 2.29 0.94 0.02
9 —0.89 2.29 0.89 0.02

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Oxygen vacancy formation energies as a function of the
temperature calculated for bulk, 3- and 5-layer type-I films. For the
bold lines the formation energy was calculated including phonons,
Eq. (2), dashed lines incorporate only the oxygen chemical potential.
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Figure 4 Density of states of phonon frequencies in the bulk and
type-I thin films. The empty curves represent the PDOS for the
perfect systems and the filled curves for those containing the F'
center. The blue arrows indicate the slight shift toward higher
frequencies for the first normal modes in 3-plane films.

This term is particularly relevant for the 3-plane films.
This can be explained by analysis of Fig. 4, with a
comparison of the phonon density of states (PDOS) for thin
films and the bulk. Looking at the differences between the
empty curve for the perfect system’s PDOS, and those for the
defective system, we notice for 3-plane films a slight shift of
the frequencies of the low frequency normal modes toward
higher frequencies (blue arrows). This shift decreases the
entropy of the defective system and thus AA,;,(T) increases.
The shift toward higher frequencies in the PDOS could
be explained from data in Table 1. For 3-plane films the
vacancy neighbors are displaced toward the vacancy; as a
consequence there is a compression of their bonds that
causes stronger interatomic forces and thus slightly higher
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vibrational frequencies. This does not happen in bulk and
thicker films since in this case the distorsions around the F
center are very modest.

4 Summary We compared the local atomic and
electronic structure and the frequencies of the lattice vibrations
in thin films and bulk BaZrO; with the color F center.

For defects located on the film surface the energetic,
geometric, and electronic properties are not practically
affected by the film thickness. For oxygen vacancies in thin
film center the confinement effects are very short-ranged
even with entropy contribution and are relevant only in 3-
layer films. In particular, the confinement is responsible for
the deeper defect levels position in the gap, and for larger
geometric distorsions of the surrounding lattice. The latter is
responsible for a slight shift of phonon frequencies toward
larger values that slightly increases the defect formation
energy.
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