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Asymmetrical twin boundaries and highly dense antiphase
domains in BaNb, 3Tig O3 thin films
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Chinese Academy of Sciences, 110016 Shenyang, China
iGraduate School of Chinese Academy of Sciences, 100049 Beijing, China

(Received 6 March 2007, accepted in revised form 27 June 2007)

Asymmetrical twin boundaries and highly dense antiphase domains were
identified by means of transmission electron microscopy in a perovskite-based
BaNbg 3Tip 705 thin film grown by laser molecular beam epitaxy on a SrTiOj
(001) substrate. The microstructural characteristics of the BaNb;Tiy ;03 film
were clarified in terms of lamellar {111} twins and antiphase domains, the domain
boundaries of which are 1/2(110) stacking faults. It is proposed that the
intersections of (111) twinning with the antiphase domain boundaries result in the
asymmetrical twin boundaries.

1. Introduction

Much attention has been paid to perovskite-based oxides due to their promising
superconducting, ferroelectric, ferromagnetic and optical properties [1-9].
Ferroelectric BaTiO5 is one of the most important perovskite oxide materials in
electronics owing to its various device applications [3, 4]. An interesting feature of
BaTiOs is that its electrical properties can be effectively tuned by incorporation of
dopants. For example, in pure BaTiO;, there is no mobile carrier, which makes it an
insulator. When doped with Nb>", some free electrons are introduced into the film
with Nb>" substituted for Ti*" and therefore the doped BaTiO3 becomes an n-type
semiconductor.

Studies of niobium doping on the crystal structure have been extensively
performed [10-15], although there are some deviations among different results
[10-13]. It is known that the lattice parameters increase with increasing niobium
content while the ¢/a ratio decreases. In the high niobium content range, Guo et al.
[11] reported that with the further increase of niobium content up to nearly 10%, the
¢/a ratio of lattice parameters saturates; above 10 at.% Nb doping, the BaTiO5 thin
films are transformed into a disordering cubic structure.
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A study on electrical resistivity shows that Nb-doped BaTiOj thin films display a
similar value to that of a Nb-doped BaTiOj; single crystal [10]. Recently, Yan et al.
[14] studied in detail the electrical properties of Nb-doped BaTiO; thin films on
a SrTiO; substrate with niobium content ranging from 1% to 30%. With increasing
Nb content, there is a proportional increase in the carrier density, but the resistivity
only reduces by a factor of about three. On the other hand, for a fixed value
of 30%, when the oxygen pressure increases during deposition, the resistivity of
the Nb-doped BaTiO; thin films increases, but the n-type carrier concentration
decreases. Guo et al. [15] have also systematically investigated the Nb-doped BaTiO3
thin films with niobium content ranging from 1% to 50% on an MgO substrate.
Hall measurements at room temperature show that with the increasing niobium
content, the resistivity of Nb-doped BaTiOj; thin films decreases, whereas the carrier
concentration and carrier mobility increase. Moreover, the optical transmittance
reduces with an increase of the niobium contents.

Although much work has been carried out on Nb-doped BaTiOj films, little has
yet been done on the detailed microstructural characterization of such films,
especially on the defect configuration within the films. In the present study, we report
detailed microstructural characteristics in a BaNbg 3Tip 703 (BNTO) thin film grown
on a SrTiO3 (STO) substrate. The present study is expected to provide some
information useful to the understanding of physical properties and to feed back some
data for the better control of the film growth.

2. Experimental procedures

A BaNby 3Tij ;05 thin film with a thickness of 300 nm was grown by laser molecular
beam epitaxy (LMBE). The base pressure of the epitaxy chamber was 1 x 10~° Pa.
The output of a Lambda Physik LEXTRA 200 excimer laser (308 nm, 20 ns, 2 Hz)
was used as the laser source with energy density of about 1Jcm ™. A piece of single-
crystal SrTiO3 (STO) and a piece of sintered BNTO (with an Nb doping content
of 30 at.%) were used as the targets. Before deposition, the STO (001)
substrate was annealed at 660°C for 20-30min in an oxygen atmosphere
(1x107*Pa) to clear the surface. Subsequently, 20 unit cells of STO were
homoepitaxially grown on the substrate to reduce the defect density and
to smooth the surface. Then the BNTO thin film was grown with a deposition
rate of about 0.01 nm/pulse, and the distance between the target and substrate was
60mm. The deposition temperature was 610°C and the oxygen pressure
was 6.0 x 107! Pa. During deposition of both STO and BNTO films, the observed
fine streaky reflection high-energy electron diffraction (RHEED) patterns and
undamping HREED intensity oscillations indicate that the films were two-
dimensionally epitaxially grown on STO (001) substrate.

The cross-section and plan-view specimens for TEM observation were prepared
by the conventional processes of slicing, grinding and final ion-milling. A Tecnai G*
F30 transmission electron microscope was used for electron diffraction and atomic
imaging.
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3. Experimental results and discussion

3.1. Cross-sectional and plan-view observations

Figure 1 shows a low-magnification cross-section TEM image and its
corresponding seclected-area eclectron diffraction (SAED) pattern with incident
electron beam parallel to the [100] direction of the STO substrate. The interface
between the BNTO film and the STO substrate is flat and sharp. It can be seen
that a significant amount of columnar structures, revealed by dark contrast
bands, originate from the interface and extend vertically to the surface of the
BNTO film. The SAED pattern shown in figure b is a composite of two sub-
patterns from the film and the substrate. Since the lattice parameter of the BNTO
film is larger than that of the STO substrate, the spots split circumferentially to
the transmission spot. In addition, the diffraction spots parallel to the BNTO/
STO interface are elongated, implying that some highly dense planar defects exist,
the boundaries of which are perpendicular to the interface. The diffraction spot
splitting and their elongation are clearly seen in the rectangular frame labelled A
and their enlargement.

When we tilted the specimen about the [001] axis of STO from [100] to [110],
we found a number of lamellae with darker contrast in the film, the width of
which ranges from 10 to 30nm, as shown in figure 2a. Such lamellac lay along
+28° and —28° (90° — « in figure 2a) apart from the interface normal and they
originate near the interface and run through the film. Figure 2b shows the
composite SAED pattern corresponding to the area in figure 2a with incident
electron beam parallel to the [110] direction of the STO substrate. The splitting of

Figure 1. (a) A low-magnification cross-section TEM image and (b) corresponding SAED
pattern with incident electron beam parallel to the [100] direction of STO substrate. It is seen
that a great deal of columnar structures featured by dark contrast bands originate from the
interface and extend vertically to the surface of BNTO film. The SAED pattern is a composite
of two sub-patterns from the film and the substrate.
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diffraction spots due to difference of film/substrate lattice parameters and the
elongation of diffractions owing to planar defects (to be discussed later) in the
film can be clearly seen, particularly in the enlarged white rectangular frame
labelled A. In such SAED patterns, (111) and (111) twins are also identified. The
(111) twin relations are indicated by solid and broken rectangles with their origin
at the incident beam of the electron diffraction patterns (EDPs). Some of the
spots marked with arrows in the EDPs result from secondary diffraction. The
BNTO matrix diffraction spots, the indexes of which are labelled with subscript
m, are connected by a solid line frame and the twin diffraction spots are
connected by a broken line frame. It should be mentioned that, for a cubic or
pseudo-cubic structure when viewed along the [110] direction, the (111) plane
should be 35.3° apart from the interface normal. However, in the present film, as
shown in figure 2a, the angle is determined to be 28°. Hence, the twins do not
exactly lie on {111} planes, resulting in asymmetrical twin boundaries. Such
asymmetrical twin boundaries result from the interaction of the (111) twin and
the antiphase domain boundaries to be discussed in section 3.3.

Figure 3a shows a low-magnification plan-view TEM image of the film showing
the lamellar {111} twins when the twin boundaries are edge-on under near the [011]
direction. Figure 3b shows the EDP corresponding to the TEM image in figure 3a.
It is a composite EDP involving twinning on two {111} planes. Figures 3¢ and 3d
show dark-field micrographs imaged with diffractions from variant twin lamellae,
which clearly show the distribution of each group of twinning.

3.2. Structures of antiphase domains

In addition to the asymmetrical twin boundaries, another salient feature in the
BNTO film is the formation of highly dense antiphase domains. Figure 4 shows a

Figure 2. (a) A low-magnification cross-section TEM image of BNTO/STO and (b) the
corresponding SAED pattern taken along the [110] direction. In (a), a number of lamellae is
shown, the width of which ranges from 10 nm to 30 nm, with darker contrast in the film. Such
lamellae lay along +28° and —28° (90° — «) apart from the interface normal and they originate
near the interface and run through the film.



Downloaded By: [Ma, X. L.] At: 04:44 30 August 2007

Asymmetrical twin boundaries and highly dense antiphase domains 4425

low-magnification plan-view image showing the distribution of the antiphase
domain boundaries in the film. An HRTEM image showing the details of the
domain boundaries is shown in figure 5. It is found that antiphase domain
boundaries mainly lie on {100} and {110} planes. Domain B is shifted by 1/4[110]
and 1/4[110] with respect to domain A, which is indicated by the white circuit in
figure 5. According to Lu et al. [16], such antiphase domain boundaries are edge-
on 1/2 (110) stacking faults. In order to understand the three-dimensional
structure of antiphase domains, the [110] and [100] directions are imaged using
the cross-section specimen.

Figure 6a shows the [110] HRTEM image, on which three antiphase domains
are labelled A, B and C. The relative shift between domains in the [001] direction

Figure 3. (a) A low-magnification plan-view TEM image of the film showing the lamellar
{111} twins when the twin boundaries are edge-on in the viewing direction close to [011].
(b) Composite EDPs corresponding to (a). (¢, d) Dark-field micrographs imaged with
diffractions from variant twin lamellae.
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Figure 4. A low-magnification plan-view image showing the distribution of the antiphase
domain boundaries in the film.
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Figure 5. An HRTEM image showing the antiphase domain boundary structure. It can be
seen that antiphase domain boundaries mainly lie on {100} and {110} planes. The white circuit
is a rectangle, and the bottom left vertex of the rectangle does not lie on a bright image spot of
domain B, whereas the other three vertexes lie on bright image spots of domain A. Hence, it
shows the relative shift between domain A and B.
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Figure 6. HRTEM images showing the antiphase domain boundary structure in (a) [110]
and (b) [100] directions. Except for domain C in (a), most of the antiphase domains originate
from the BNTO/STO interface and extend vertically to the surface of the film.

is indicated by horizontal lines. It is noticeable that the antiphase domain
boundaries, which are labelled by dashed lines, are meandering. It is found that
most of these domains originate at the interface between the film and the
substrate. Figure 6b shows the [100] HRTEM image, where again we can find
that the antiphase domain boundary, indicated by a white arrow, forms at the
interface and extends vertically to the surface of the BNTO film. These antiphase
domains correspond to the columnar structures observed in figure la. It is the
high density of such domains that results in the elongation of diffraction spots
parallel to the interface, as shown in figure 2b.

3.3. Intersection of the {111} twin and the antiphase domain

Figure 7 shows an HRTEM image of a lamellar (ﬁl) twin taken along the [ITO]
zone axis of the matrix. It is of interest to note that the twin boundary is composed
of a number of sections, and each of these sections, connected by steps (marked
with arrows), is a (I11) twin. The combination of these sections results in the
overall boundary apart from the (111) plane of the film, forming an asymmetrical
twin boundary. The formation of these asymmetrical twin boundaries actually
results from the interaction of the (111) twin and the antiphase domains.

Figure 8 is an enlargement of the region labelled A in figure 7, showing the details
of the interaction. It can be seen that a step results from an interaction between the
twin boundary and antiphase domain boundaries denoted with dashed lines. It is
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Figure 7. An HRTEM image of a lamellar (111) twin taken along [110] zone axis of matrix.
It is of interest to note that the twin boundary is composed of a number of sections, and each
of these sections, connected by steps, is (111) twin. Steps are marked with arrows, and between
them are sections of the boundary. The combination of these sections results in the overall
boundary apart from the (111) plane of the film, forming an asymmetrical twin boundary. The
angle of the boundary apart from the (111) plane, which is marked with B, is about 8°, while
the definition of « is the same as mentioned above. The formation of these asymmetrical twin
boundaries actually results from the interaction of (111) twin and antiphase domains.

proposed that the epitaxial film grows along the [001] direction layer by layer, as do
the antiphase domains, the boundaries of which lie on (100), (010), (110) and (110).
However, the lamellar (111) twin grows along the [112] direction. Antiphase domains
might make the twin boundary rise vertically, thereby forming steps along the
boundary.

Figure 9 schematically illustrates the interaction between twins and antiphase
domains. Region A is linked with C by twinning, but with B by an antiphase domain
boundary. The two boundaries are labelled using a solid line and a dashed line,
respectively. It can be seen that the interaction between the twin boundary and the
antiphase domain boundary make the twin boundary rise vertically, thereby form the
step indicated by b—c.

In addition, it should be mentioned that the asymmetrical twin boundaries are
not edge-on along (110) zone axes, since in the joint area of the two counterparts
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Figure 8. An enlargement of the region labelled by A in figure 7, which shows the details of
the interaction of (111) twin and antiphase domains. Domain boundaries are indicated by
dashed lines. Steps appear at the interaction areas pointed out by arrows.

of the twins we observe a lattice spacing three times that of the (111) spacing.
Such a large lattice spacing results from the overlap of the two counterparts of
the twins.

4. Conclusions

By means of transmission electron microscopy, microstructures in a BaNbg 3Tig 705
thin film were clarified in terms of lamellar {111} twinning and antiphase domains.
The boundaries of the antiphase domains are determined to be 1/2(110) stacking
faults. It is also found that these stacking faults intersect with twin boundaries, which
result in asymmetrical twin boundaries. The asymmetrical twin boundaries in the
present study are not edge-on along the (110) direction, since in the joint area of
the two counterparts of the twins we can see a lattice spacing of three times that
of the (111) spacing, which results from the overlap of the two counterparts of the
twins along the viewing direction.
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Figure 9. Schematic illustration showing the interaction between the (111) twin and an
antiphase domain. The twin boundary is labelled a-b and c-d. Region A is linked with C by
twinning, but with B by the antiphase domain boundary. The boundaries are labelled with
solid and dashed lines, respectively.
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