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Epitaxial Ba1⫺x Srx TiO3 共BST兲 with x⫽0.5 films were grown on MgO substrates using pulsed-laser
deposition. We have observed a high density of antiphase domain boundaries 共ADB兲 in these BST
films. We attribute the formation of the ADBs to the different crystal symmetry of the film and the
substrate. Adjacent domains have an in plane phase shift of 21 关 110兴 , or 21 关 11̄0 兴 thus creating a phase
shift of the in plane lattice planes of 21 关 010兴 or 21 关 100兴 across the boundary. We have used
first-principles calculations to obtain the effect of the ADBs on the dielectric constant of SrTiO3 and
found that they lower the effective in plane dielectric constant in the direction normal to the ADB.
Upon annealing, the density of ADBs decreases and the dielectric properties improve. © 2002
American Institute of Physics. 关DOI: 10.1063/1.1523632兴
Bax Sr1⫺x TiO3 共BST兲-based ceramic thin films are considered by many as the forerunners for room temperature
applications of frequency-agile microwave electronic components, including phase shifters, varactors, tunable filters,
and antennas.1–3 BST exhibits a large permittivity,  r , that
can be as high as 10 000 for bulk samples near the
ferroelectric-paraelectric transition temperature (T c ) and can
be tuned significantly with an applied electric field. However, compared to bulk BST samples,  r and its tunability, of
epitaxial thin films (⬍300 nm thick兲 are markedly lower
( r ⬍3500). Large values of the peak  r 共near T c ) of 4130
before annealing and 6020 after annealing at V⫽0 have been
reported in BST films with thickness of 500 nm.4 The increase in  r upon annealing was associated with strain relaxation of the lattice. Strain and defects are considered two
primary causes for the degradation of the dielectric properties of BST thin films.5–7 Annealing of the BST films leads to
partial recovery in their dielectric properties.8,9 This enhancement has been attributed to the relief of macrostress in
the BST thin films.10 We have previously presented systematic studies of the effect of strain on the dielectric properties
of BST thin films.11,12 X-ray diffraction analysis of our BST
films did not show an appreciable change of the lattice constants upon annealing, indicating that annealing did not
change the macrostress state of the BST thin films. We attribute the increase in  r upon annealing to a reduction of
defects present in the BST films. Particularly, we have found
that antiphase domain boundaries 共ADB兲 exist in BST films
grown on substrates having different crystal symmetry 共other
than perovskite兲. Jiang et al.13 have recently reported the formation of ADBs in BST films grown on MgO substrates that
result from steps and kinks on the surface of the MgO substrate and the observation that TiO2 is the first layer that
grows on the substrate. In the present work we report another
mechanism for the formation of ADBs in BST films grown
on flat surfaces of MgO that results solely from the different
structure of BST 共perovskite兲 and MgO 共rock salt兲. We also
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present the atomic morphology of the ADBs and their effect
on the dielectric properties of BST thin films.
We have grown 100 nm thick BST (x⫽0.5) thin films
on 共001兲 MgO substrates using a 248 nm excimer pulsed
laser deposition system. The substrate temperature was held
at 800 °C for all samples. A dynamic pressure of 120 mTorr
O2 was established in the chamber during deposition and the
samples were cooled down under 700 Torr O2 after deposition. The laser fluence was ⬃1.5 J/cm2 , corresponding to a
growth rate of 0.08 nm/s. Annealing experiments were carried out at 950 °C for 14 h in a quartz tube in flowing oxygen
ambient. Dielectric measurements were performed using the
conventional interdigital electrode method consisting of 50
fingers separated by 15 m gaps. Each finger had a width of
25 m and length of 0.70 cm. The dielectric properties were
then measured using an HP 4192 impedance/gain analyzer.
The permittivity of the BST films was extracted from the
capacitance data using Gevorgian et al. model.14 Transmission electron microscopy 共TEM兲 analysis was done using a
JEOL 4000 FX 共TEM兲 operated at 300 kV and a JEOL 4000
EX TEM operated at 400 kV. TEM samples were prepared
by mechanical polishing at high angles down to electron
transparency using a quadripod.15
The RT in plane dielectric constant,  11 of the BST films
as a function of applied voltage before and after annealing
showed a maximum value of 共at ⬃0 V and RT兲 of 1920 in
the as-grown samples and 2460 in the annealed samples.
Both of these values are much lower than the value of  11 in
bulk BST that is ⬃6000 for the composition studied in this
work. Figure 1 shows bright field plan-view images from a
BST sample before and after annealing. The images show
domains 共arrowed兲 with an average width of ⬃40 nm before
annealing and 120 nm after annealing. The domains are identified as antiphase domains as can be seen in the highresolution lattice image of one of the boundaries in Fig. 2.
This image clearly shows a shift in the 共100兲 atomic planes
across the ADB by 21 关 100兴 . A comparison of the image with
simulated images indicates that the ADB consists of a double
© 2002 American Institute of Physics
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FIG. 1. Plan-view bright-field images of 共a兲 as-deposited and 共b兲 annealed
BST film on MgO showing ADBS 共arrowed兲. The bottom part of the images
also show Moire fringes due to the overlap of the BST and MgO in thicker
parts of the sample. The Moire fringes indicate that the film is relaxed.

layer of Ba/SrO. We also observed ADBs consisting of
double layers of TiO2 .
There are two possibilities for ADBs to form in epitaxial
BST films. In the first configuration, the phase shift is perpendicular to the interface and the two antiphase domains
have a relative shift of 21 关 001兴 along the c axis 共normal兲 of
the film. A possible formation of these ADBs could result
from adjacent nuclei having different layers in the BST as
the first layer deposited on MgO. As shown later this is not a
possible configuration for BST. Another possibility for the
formation of this kind of ADBs was previously discussed for
the case of BST films as resulting from steps of half a unit
cell height 21 a MgO on the Mgo substrate 共conservative
ADB兲.13
The second configuration of ADBs corresponds to in
plane shifts 共either 21 关 100兴 or 21 关 010兴 ) of the lattice planes
from one domain to the next. Some possible causes of inplane ADB formation were also described by Jiang et al.13 In
this case, terraces with widths equal to an odd multiple of
1
2 a MgO give rise to nonconservative ADBs. Here we discuss
another mechanism for the formation of ADBs with in plane
shift between domains that can take place even on a flat
surface of MgO. We begin by discussing the possible nucleation configurations of BST on MgO. MgO has a rock salt
structure with a 共001兲 surface as shown in Fig. 3共a兲. In contrast, BST has a perovskite structure with alternating
Ba1⫺x Srx O and TiO2 layers along the 具001典 direction as
shown in Figs. 3共b兲 and 3共c兲, respectively. Since the interface
between two ionic crystals has the lowest energy if the nearest neighbor ions across the interface have charges of opposite sign we should consider which layer is the most likely

FIG. 2. Plan-view high-resolution image of a BST film showing an ADB.
The ADB is a Ba/SrO double layer.

FIG. 3. Schematic of 共a兲 共001兲 surface of MgO, 共b兲 共BaSrO兲 layer of BST,
共c兲 (TiO2 ) layer of BST, 共d兲 stacking sequence of 共Ba,Sr兲O on MgO where
O ions sit on top of each other, 共e兲 stacking sequence of 共Ba,Sr兲O on MgO
where cations sit on top of each other, 共f兲 stacking sequence of TiO2 on
MgO 共I兲, 共g兲 stacking sequence of TiO2 on MgO 共II兲, and 共h兲 boundary
between two TiO2 variants grown on MgO.

layer to grow on MgO first. If 共BaSrO兲 nucleates first on
MgO, this condition cannot be satisfied as can be seen from
Fig. 3. Namely, either the anions 共oxygen ions兲 关Fig. 3共d兲兴 or
the cations 共Mg and Sr/Ba兲 become nearest neighbors 关Fig.
3共e兲兴. In contrast, if the TiO2 nucleates first on MgO the
bonding for both anions and cations can be satisfied without
any conflict 关Fig. 3共f兲兴. Thus, it is energetically more favorable for the TiO2 layer to nucleate first on the MgO substrate.
This type of interface has already been observed in other
materials with perovskite structure grown on MgO first.16 –18
Since the stacking sequence is determined, ADBs with a
1
2 关 001兴 shift are not likely to form in BST films on flat surfaces of MgO substrates. In fact, we did not observe any
ADBs of this type in our TEM studies.
The ADBs with in-plane shift form because there are
two possibilities 共variants兲 for the TiO2 layer to stack on the
共001兲 surface of MgO that are equally possible as shown in
Figs. 3共f兲 and 3共g兲. Both types of stacking have exactly the
same neighbors for each ion across the interface but they
have a relative in plane shift of R⫽ 21 关 110兴 . Therefore, when
two nuclei with different variant of the TiO2 atomic arrangement meet during the growth of the film, an ADB with a
phase shift of the lattice planes of 21 关 010兴 or 21 关 100兴 forms at
the plane where the domains meet. Since both domains are
equally possible to form during nucleation, it is very likely
for BST films to have this type of ADBs even on flat MgO
surfaces. Figure 3共h兲 shows a schematic of the TiO2 layer
after two domains meet. The domain boundary in this layer
contains two rows of oxygen 共one in each domain兲. However, when the second 共Ba/SrO兲 layer is deposited the bound-
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ary will contain a double layer of Ba/Sr atoms. Therefore, as
the film growth progresses the boundary will contain a
double layer of Ba/SrO. Similarly, a relative shift of R
⫽1/2关 11̄0 兴 between domains gives rise to a TiO2 double
layer at the boundary. To keep the overall stoichiometry, the
ADBs alternate from Sr/BaO to TiO2 .
To gain insight into the structural energetics of the ADBs
and their effects on ⑀ r , we have performed a first-principles
study of pure bulk SrTiO3 with a periodic array of infinite
planar ADBs separated by 3a 共three unit cells of SrTiO3 ).
Using ABINIT, a pseudopotential implementation of variational density functional perturbation theory,19 we have investigated changes in the structure, total energy, lattice dynamics and dielectric properties due to the introduction of
two different ADBs 共Sr-rich and Ti-rich兲. Both types of
ADBs are found to produce considerable compressive stress
perpendicular to the interface plane. After optimizing the energy to find the equilibrium atomic positions, we calculated
the infrared-active phonon frequencies   and effective Born
charge tensor Z *, ␣␤ for each atom ; these quantities determine the static dielectric tensor  ␣␤ through the relation
⬁
 ␣␤ ⫽ ␣␤
⫹

4
⍀

兺

S , ␣␤ /  2 ,

where S , ␣␤ ⫽ 关 兺, ␥ Z *, ␣␥ U  (  , ␥ ) 兴 ⫻ 关 兺 Z *⬘ , ␤ ␦ U  (  ⬘ , ␦ ) 兴 is
⬘,␦
the mode oscillator strength tensor, U  (  , ␥ ) are the
⬁
is the
eigendisplacements of the force constant matrix,  ␣␤
dielectric constant at high frequency, and ⍀ is the unit cell
volume. Comparing with the dielectric response of ideal
SrTiO3 , we find that the dielectric response perpendicular to
the ADBs,  zz , is greatly reduced 共see Table I兲. This reduction can be directly attributed to the breaking of the infinite
Ti–O chains normal to the ADBs. So, though the spacing of
the ADBs in the supercell is much smaller than in the films
studied, the calculations provide physical understanding of
the local changes in interatomic force constants that impact
the dielectric constant  ␣␤ .
In the experimentally studied BST films, the analogous
disruption of the Ti–O chains should lead to a similar local
reduction of the dielectric response. Since the system is at a
temperature just above the ferroelectric transition, the effects
of the disruption propagate into a region with characteristic
size equal to the Landau correlation length  and thus, despite the low density of ADBs, significantly contribute to the
observed reduction in ⑀ r . An estimate for  can be obtained
from the Ginzburg–Landau free energy density20
F⫽ 12A P 2 ⫹ 41B P 4 ⫹ 61C P 6 ⫹ 21D 共 ⵜ P 兲 2 ⫺E P,
where A⬅  ⫺1 , D⬅2  20 ,  is the local susceptibility,  0 is
the persistence length, E and P are the applied electric field
and the polarization, respectively, and B and C are constants.
 is defined by (D/A) 1/2⬅(2  ) 1/2 0 , and ⫽1⫹4   (
⬵104 for BST兲, and  ⬵103 . The estimated value of D for
BaTiO3
is
1.14⫻10⫺7 J m3 C⫺2
or
simply
⫺16
2 20
m . Using this value for BST we obtain 
0.12⫻10
⬃102 nm.
After annealing the size of the antiphase domains increases 共see Fig. 1兲, at the same time the dielectric constant
increases. Based on our experimental results and our first-

TABLE I. Electronic, phonon, and total dielectric tensors along the z direction for SrTiO3 with ADBs compared to pure SrTiO3 .
 zz
Electronic
Phonon
Total

Pure SrTiO3

SrO ADB

TiO2 ADB

Mixed ADBs

6.2
169.8
176.0

5.1
23.8
28.9

6.0
40.2
46.2

5.4
18.3
23.7

principles calculations we believe that the increase in domain
size 共reduction in density of ADBs兲 is one of the primary
causes for the 28% recovery of the dielectric properties upon
annealing.
In summary, we have observed a high density of ADBs
in BST films grown on MgO substrates which form due to
the different crystal symmetry of the film and the substrate.
Adjacent domains in BST films have an in plane phase shift
of R⫽ 21 关 110兴 , or R⫽ 21 关 11̄0 兴 thus creating ADBs with a
phase shift of the lattice planes of 21 关 010兴 or 21 关 100兴 across
the ADBs. First-principles calculations indicate that the
ADBs lower the dielectric constant of BST because the Ti–O
chains are broken across the ADB.
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