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Epitaxial Ba0.5Sr0.5TiO3 thin films grown on thes001d LaAlO3 substrates with a ferroelectric transition at
about 250 K have been investigated by TEM and off-axis electron holography. Cross-sectional TEM observa-
tions show that the 350-nm-thick Ba0.5Sr0.5TiO3 film has a sharp interface with notable misfit dislocations.
Off-axis electron holographic measurements reveal that, at low temperatures, the ferroelectric polarization
results in a remarkable positive potential on the interface and a negative potential on the film surface, and, at
room temperature, certain charges could only accumulate at the interfacial dislocations and other defective
areas.
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FerroelectricsBa1−xSrxd TiO3 thin films have recently be-
come very attractive material due to their large dielectric
constants«rd and high tunabilitys«rd in semiconductor tech-
nology; the dielectric constant of this material can vary from
a few hundreds to thousands by adjusting the Ba/Sr ratio,
grain size, and temperature. Its Curie temperature decreases
almost linearly with Sr content,1 and the dielectric constant
exhibits remarkable tunability under an applied dc electric
field near the Curie temperature.2–6 Moreover, by adjusting
the Ba/Sr ratio, the film can be either a paraelectric or a
ferroelectric semiconductor. Especially, when the ratio of
Ba/Sr<1, the Ba0.5Sr0.5TiO3/LaAlO3 film is in the paraelec-
tric state with a good tunability at room temperature, and
also presents the highest dielectric constant and the lowest
loss of the tangent. These distinctive electric properties im-
ply the potential applications ofsBa1−xSrxd TiO3 thin films in
the high-density dynamic random access memories, smart
card memories, and tunable microwave devices.2,3,7–10High
quality films, which can minimize the loss of the tangent, are
requested for fabrication of the reliable and high perfor-
mance devices. Because of the microstructure sensitivity of
the Ba1−xSrxTiO3 films, detailed investigations of the micro-
structure and correlation to physical behaviors of the prod-
ucts are highly desirable for synthesis method evaluation and
further application. Electron holography based on transmis-
sion electron microscopysTEMd offers a promising way to
understand and investigate ferroelectrics in the electron mi-
croscopy. In this paper, we report on the microstructure mea-
sured by cross-section TEM and electrostatic potential on
defects, interface, and surface in Ba0.5Sr0.5TiO3/LaAlO3
sBST/LAOd identified by off-axis electron holography.

The BST thin films ons001d LAO substrate studied in the
present work were prepared by pulsed laser deposition.
Firstly, the BST films were grown under an oxygen pressure
of about 25 Pa and at the temperature of 800°C to a thick-
ness of about 200 nm in 10 min. Then, the films were post-
annealed at 500°C under one atmosphere oxygen pressure
for 30 min. Detailed depictions on the film growth and
physical properties of the as-grown BST films were reported
in Ref. 9. Electron microscopy and off-axis electron holog-
raphy observations were carried out utilizing a Philips

CM200/FEG transmission electron microscope equipped
with the electrostatic biprism. Samples for cross-section
TEM and electron holography investigations were prepared
using a standard procedure consisting of gluing, cutting, me-
chanical polishing, dimpling, and ion milling. The holograms
were acquired with a Gatan 794 multiscan charge-coupled
device sCCDd camera, and processed using Gatan Digital
Micrograph software including the “HOLOWORK” package.
Off-axis electron holography provides information about the
phase and amplitude of the exit electron wave after travers-
ing through a specimen. This technique has been frequently
applied to study ferroelectric materials11–13 and was proved
as one of the effective techniques in determining the charac-
teristics of ferroelectrics.

Electron holography measurements in principle can pro-
vide the information on the distribution of electrostatic po-
tential from surface to interface of the BST film due to
charge accumulation. When the electron beams pass through
a local electric field, interaction between the incident
electron wave and the electrostatic potential within the
specimen induces a local differential phase shift in the exit
electron wave function. The phase shift directly proportional
to the electrostatic potential distribution can be recorded in
the hologram formed by interference of the perturbed exit
electron wave function with the reference wave in vacuum,
and the recorded electron hologram with high spatial resolu-
tion can provide information about the phase of the exit elec-
tron wave function via reconstruction of the interference pat-
tern. The general relationship of the phase shift is
w=seVsx,y,zddZ, whereVsx,y,zd is the potential distribu-
tion along the path of the incident electron passing through
the specimen. For a heterostructure specimen, the projected
potential contains two components:s1d the mean inner po-
tential sMIPd of the material defined as a volume average of
the electrostatic potential; ands2d the electrostatic potential
caused by polarization fields. The mean inner potential is an
essential property of a material; it usually has a value be-
tween 10 and 20 V. For the BST/LAO heterostructure, our
experimental measurements suggest that, if the thickness of a
probe area is well selected, the MIP difference between the
film and substrate is so small that it only shows up as a
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limited influence on the background in our reconstructured
images. Considering the projected potential resulting from
polarization effects, we assume that the BST films grow to-
tally relaxed on the LAO substrates; spontaneous polariza-
tion yields notable changes of potential on the interface ar-
eas. The mesoscopic phase of the transmitted electron wave
result from spontaneous polarization can be computed di-

rectly from the electric fieldEW =−PW /« induced by the polar-

ization PW in a material with dielectric constant«, and the
dielectric field is the derivative of the potential. So,wsx,yd
=s /«eePW dZdr

→, the integral overz, can be interpreted as

“projected polarization”PW proj=ethicknessPW dZ.11 Thus, we can
obtain the correlations between the phase, electric field, po-
tential, thickness, and polarization in the material. Generally,
there are several factors that can contribute to a holographic
phase shift across the heterostructure. However, if the sample
is not strongly diffracting and has uniform potential through
the thickness, the contrast in the phase image is proportional
to the potential times the thickness. We can give the expres-
sion of the phase shift of the object aswsx,yd=CEfV0

+Vsx,ydgtsx,yd, whereCE is an energy-dependent constant
which equals 7.295310−3 rad/sV nmd for the 200-KeV
electron andt is the thickness of the sample where electron
waves are transmitted.

Experimental results from both TEM observations and
x-ray diffractionsnot shownd indicate that the Ba0.5Sr0.5TiO3
film is epitaxially grown along thek001l direction on the
s001d LaAlO3 substrate. Figure 1sad is a bright-field TEM
image displaying the morphology of the as-grown film with a
uniform thickness of about 350 nm. A remarkable feature of
the film is the columnar structure with V-shaped grain
boundaries as indicated with the solid lines; this structural
feature is considered to arise from small relative rotations
between the crystalline grains.10 The presence of numerous
steps and terraces on the film surface indicates different
growing rates of the subgrains during film preparation. The
well-defined epitaxial relationship between the film and sub-
strate is illustrated by the corresponding electron-diffraction
pattern present in Fig. 1sbd. Two sets of electron-diffraction
spots, arising, respectively, from the BST film and the LAO
substrate, can be unambiguously indexed based on the
LaAlO3 structure sa cubic cell with the lattice parameter
of 0.378 nmd and Ba0.5Sr0.5TiO3 structure with the lattice
constant of 0.394 nm. This pattern clearly exhibits the
orientation relationship of f010gBSTi f010gLAO and
f001gBSTi f001gLAO. A lattice mismatch of,4.2% between
Ba0.5Sr0.5TiO3 and LaAlO3 can be obtained from splits of the
diffraction spots. This lattice mismatch could result in dis-
tinctive dislocations on the interfacial area as discussed in
the following context. The interface without reaction prod-
ucts between the film and substrate is clean and sharp as
confirmed by the high-resolution TEMsHRTEMd image
shown in Fig. 1scd, which shows the interface structure em-
phasizing the perfect quality of epitaxial growth and the
sharp interface between the film and substrate. Figure 1sdd
shows the TEM image with a large magnification from
the square area in Fig. 1scd, in which the detailed inter-
facial atomic structure can be clearly recognized. Image

simulation based on the interface configuration ofsBSTd
-sBa,Srd-TiO2- / -LaO-sLAOd was performed for sample
thicknessstd between 0.6 and 5 nm and a defocus valuesDfd
between −10 and −60 nm; A theoretical image with
t=2.5 nm andDf =−35 nm is in good agreement with the
experimental image as superposed on Fig. 1sdd. Figure 1sed
displays a high-resolution TEM image showing the
presence of numerous misfit dislocations on the interface.
This dislocation array with a pseudoperiodicity of around
L=7.5 nm is roughly coincident with theoretical predic-
tion sLd=a1a2/ sa1−a2d=1930.38 nm=7.2 nmd. Figure 1sfd
schematically illustrates an atomic structural model with the
characteristic of an edge-dislocation along the interface.

In order to determine the polarization of the BST film, we
have performed a series of off-axis electron holography mea-
surements at low temperatures. Below the Curie temperature
of 250 K, the Ba0.5Sr0.5TiO3 film transforms into a ferroelec-
tric state, which results in charge redistributions due to ferro-
electric polarization. For understanding the possible ferro-
electric ordering as well as the spontaneous polarization, the
potential distribution in the film has been measured at the
temperature of 120 K by off-axis electron holography. Figure
2sad shows a hologram taken at the surface of the film under

FIG. 1. sad Bright-field TEM image showing morphology of the
epitaxial BST film on LAO substrate.sbd Selected area electron-
diffraction pattern from the interface area.scd HRTEM image show-
ing the details of the interface of epitaxial growth of BST film.sdd
Large magnification TEM image with the theoretical simulation for
the interface area.sed HRTEM image showing the misfit disloca-
tions on the interface.sfd Atomic structural model for an interfacial
dislocation.

TIAN et al. PHYSICAL REVIEW B 71, 115419s2005d

115419-2



a positive bias voltage of 90 V. The interference fringes with
perfect visibility have an average space of,0.16 nm, there-
fore, the spatial resolution in the reconstructed holograms,
about three times of the fringe spacing, is better than 0.5 nm.
The surface of the specimen yields a clear contrast as indi-
cated by arrows. This hologram, in combination with the
reference vacuum hologram, could give rise to a recon-
structed phase image. Figure 2sbd shows the reconstructed
phase image indicating the phase alternation from film to
vacuum, permitting a more detailed analysis. The contrast in
the vacuum phase is relatively lower than that in the film; a
dark band appearing in the film surface indicates that the
phase in this region is lower than that in the inner parts.
Figure 2scd illustrates a typical phase profile normal to the
surface, showing that a vale appears at the surface position;
Figure 2sdd shows the potential change from surface of the
BST film to vacuum as a function of distance, which exhibits
the potential profiles from numerous distinctive positions
normalized by film thickness which is measured to be
,25 nm and assumed to be constant within a few nanom-
eters. The potential change profile is in connection with the
charge distribution through the Poisson equation. This result
directly suggests that certain negative charges are accumu-
lated on the film surface resulting in delay of the wave front
of the exit electron wave function.

To get a thorough understanding of the spontaneous po-
larization process, an electron holography study was also
performed on the interface. Figure 3sad is a hologram taken
at the interface regionsindicated by arrowsd without edge
dislocations under a positive bias potential of 90 V. Because
of the limited interference scope in our experiment, the ho-
logram containing both the vacuum and the sample edge was
taken separately for correction of the phase profile. A refer-
ence hologram without the sample was acquired for correc-
tion of holographic fringe distortions due to the spurious
effects caused by the image system, the inhomogeneities

contamination in the biprism wire, and the nonisoplanicity of
the incident illumination.14 The Hanning window, applying
three orders, was used in reconstruction to reduce the edge
effect and in compensation for the phase shift artificially pro-
duced by the Fresnel fringe from the filament electrode.15

Although there is not much contrast change between the film
and the substrate, certain weak contrast alternation inside the
film is likely caused by the column structure. Figure 3sbd
shows an averaged line scan from the substrate to the film in
the reconstructed phase image showing a clear peak of the
phase profile at the interface positionsindicated by the ar-
rowd. Figure 3scd illustrates the potential change normalized
by the experimental specimen thickness of 30 nm which is
consistent with Fig. 3sbd. These data suggest that net positive
charges appear locally at the interface resulting in leading of
the wave front of the exit electron wave function. In combi-
nation with the experimental results obtained from the sur-
face area, we can generally conclude that net charges with
opposite signs accumulate, respectively, on the BST/LAO
interface and BST surface, and a spontaneous polarization
occurs along thek001l axis direction in the ferroelectric state.
This kind of polarization, as reported in previous studies, is
essentially in connection with the movements of BasSrd and
O atoms in opposite directions as schematically illustrated in
Fig. 3sdd.11

The misfit dislocations with unpaired dangling bonds
could capture charges to form the localized electrostatic field
along the dislocation lines, and therefore influence the di-
electric properties of the film. Actually, room-temperature
measurements of dielectric properties indicate that the
Ba0.5Sr0.5TiO3 films are in a paraelectric state and have the
relative dielectric constant of«r ,1200, the loss tangent of
0.016, and the tunability of about 60%. On the other hand,
careful analyses suggest that these kinds of films in general
show a faintly ferroelectric property. Figure 4sad shows a
papilionaceous-shaped curve obtained under 1 MHz at

FIG. 2. sad Hologram taken at 120 K for the
surface of BST film.sbd Reconstructed phase
change from obtained hologram.scd Phase profile
showing up a value at the position of film surface.
sdd Potential variations from film to vacuum. The
sample thickness was measured by convergent-
beam electron diffraction.
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300 K. First, the capacitance-voltagesC-Vd characteristics of
the as-grown films were measured by using the interdigital
capacitor technique with a HP4294A Precision LCR
Meter. The capacitor consists of 50 fingers that are 1-mm
long, 10-mm wide, and spaced 10-mm apart. The relative
dielectric constants«rd was extracted from the capacitance
using the conformal mapping results of Gevorgianet al.16

The presence of hysteresis in the«-v curve demonstrates the
existence of local ferroelectric orders or interfacial space
charges5 in the Ba0.5Sr0.5TiO3 film. Figure 4sbd shows a ho-

logram taken from an area with clear interfacial dislocations
by a positive bias of 120 V applied to the biprism. The lattice
fringes superimposed on the fine holographic fringes show a
typical interfacial dislocationsindicated by arrowsd. The re-
constructed images were obtained using the primary side-
band as mentioned in above context. Although there is no
detectable phase change at the interface position as expected
for the paraelectric state, a line scan across the misfit dislo-
cation shows remarkable phase alternations. In order to im-
prove the poor statistic of a single line scan, the averaged

FIG. 3. sad Hologram taken at
120 K for the interface area.sbd
Phase profile showing a valley
across the BST/LAO interface.scd
Potential change across the inter-
face area.sdd Schematic model of
atom movement in the film due to
spontaneous polarization.

FIG. 4. sad Dielectric constant as a function of
applied dc bias voltage under 1 MHz at 300 K.
sbd Electron hologram from an interface area with
a notable misfit dislocation at 300 K.scd Charge
distributions cross this dislocation.
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phase profile over 50 line scans taken in our analysis shows
obviously a positive phase jump on the dislocation center.
Differentiation of the phase profile as shown in Fig. 4scd
could predict the charge distribution around the dislocation,
which demonstrates positive charges accumulating on the
dislocation core with negative charges around. In accordance
with the structural modelfFig. 1sddg and our experimental
results, this kind of charge distribution can be qualitatively
understood as follows: The considerable stress on the misfit
dislocations could either result in local oxygen vacancies or
yields outward movements of oxygen ions so that net posi-
tive charges appear locally on the center area. In addition,
our measurements also show that a small amount of charges
accumulate on the intragrain boundaries at room tempera-
ture. These experimental results are consistent with the data
of the dielectric measurements; the local charges and the
related polarizations make the«-v curve papilionaceously
shaped and give rise to the weak ferroelectric property in the
room-temperature paraelectric state.

In conclusion, the Ba0.5Sr0.5TiO3 thin films with ferroelec-

tric transition at about 250 K, grown on thes001d LaAlO3

substrates by pulsed laser deposition, have a well-defined
epitaxial structure with a sharp interface and notable misfit
dislocations. This kind of ferroelectric film has an evident
ferroelectric polarization along thek001l direction at around
120 K as demonstrated by off-axis electron holographic in-
vestigations. As a result, positive and negative electric poten-
tials, arising from charge accumulations, are directly de-
tected on the interface and the film surface, respectively.
Room-temperature measurements of electron holography re-
veal local positive charge accumulation on interfacial dislo-
cations and some other grain boundaries in the
Ba0.5Sr0.5TiO3 thin film, which could result in weak ferro-
electric properties as demonstrated by dielectric measure-
ments.
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