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Microstructural characteristics in the BaSrNbg 3Tig.7O3 thin film, grown on SrTiO3 substrate by computer-
controlled laser molecular beam epitaxy, were characterized by means of transmission electron microscopy
(TEM). It is found that the film is single-crystallized and epitaxially grown on the SrTiO3 substrate forming a
flat and distinct interface. Anti-phase domains were identified, and the crystallographic features of mismatch
dislocations at the interface between film and substrate were clarified. The high conductivity of the present
film was discussed from the viewpoint of Nb dopant and the nitrogen atmosphere.
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1. Introduction

The intense studies devoted to oxide thin films
with the perovskite-based structure in recent years
have been motivated by their widely potential applica-
tion in memory devices, multilayer capacitors, electro-
optic devices, and infrared detectors, and etcl' ¢!

Owing to the large band gap and closed shell con-
figuration, stoichiometric BaTiOg (BTO) is an insula-
tor. However, both reduction (BaTiO3_,) and impu-
rity doping can induce the semiconducting behaviour.
For instance, it has been found that a rich variety of
physical properties such as good electrical and optical
properties are produced by Nb doping in BaTiO3!".
When doped with Nb®t, some free electrons are in-
troduced into the film with Nb3* substituted for Ti**
and therefore the doped BaTiO3 becomes an n-type
semiconductor. The crystallographic and photoelec-
tric properties of the doped BTO thin films have been
studied by several groups/® 12, It was found that the
lattice parameters of BaNb,Ti;_,Oj3 increase linearly
with increasing the content of Nb doping. The ¢/a ra-
tio of BaNb,Ti;_,Og3 tetragonal structure is less than
that of stoichiometric BTO. In addition, the magni-
tude of electrical resistance of doped BTO thin film
was reduced to 6.05x1075 Q-cm!'!]. However, up to
date, the microstructures of the doped BTO thin film
grown in variant atmospheres have not yet extensively
studied.

In the present study, we investigate the
microstructure and defect configuration in the
BaSrNbg 3Tip.703 film by various TEM (transmis-
sion electron microscopy) techniques, including con-
ventional TEM and high-angle annular dark-field
(HAADF) imaging.

2. Experimental

BaSrNbg 3Tig.703 thin films with the thickness of
about 200 nm were deposited on SrTiOs (STO)(001)
substrate by computer-controlled laser molecular
beam epitaxy (LMBE). BaSrNbg 3Tig 7O3 target was
used in the whole growing process under the ni-
trogen condition (Py,) of 107! Pa. During the
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growth of the film, a focused pulsed laser beam of
two-dimensional scanning was impinged onto the two
targets with a frequency of 2 Hz and an energy den-
sity of about 1 J/cm?. The deposition rate was about
0.01 nm/pulse. Both cross sectional and plan view
specimens for TEM observation were prepared by con-
ventional process such as slicing, grinding and finally
ion-milling. A JEOL 2010 high-resolution transmis-
sion electron microscope (HRTEM) with point resolu-
tion of 0.194 nm, working at 200 kV, was used to carry
out contrast analysis and lattice imaging. A Tecnai
G? F30 transmission electron microscope, equipped
with HAADF detector, was used for Z-contrast imag-
ing.

3. Results and Discussion

Figure 1(a) is a low magnification cross-
section TEM image showing the morphology of the
BaSrNbg 3Tip.703 film grown on SrTiOj3 substrate. It
can be clearly seen that the interface is sharp and flat.
The thickness of the film is about 200 nm. Columnar
bands with dark contrast can be found in the film.
These columnar structures originate from the inter-
face between the film and substrate and extend to
the surface of BaSrNbg 3Tiy.7O3 film along the direc-
tion perpendicular to the interface. Figure 1(b) is
a selected area electron diffraction (SAED) pattern
corresponding to Fig.1(a). Such a diffraction pattern
taken at the interface between the BaSrNbg 3Tig. 703
film and STO substrate is a superposition of two sub-
patterns, which comes from both BaSrNbg 3Tiy.703
film and STO substrate. No extra spots can be
identified from the pattern, indicating that no sec-
ondary phase in the film. According to the diffraction
pattern, the BaSrNbg 3Tip.7O3 film and STO sub-
strate have parallel orientation relationship, such as
[100]fi1m//[100]sT0, [010]A1m//[010]sT0. The splitting
of diffraction spots particularly high-index spots, as
seen in Fig.1(c), indicates the difference of lattice pa-
rameters between film and substrate. It is found that
the lattice parameters of BaSrNbg 3Tig 703 film are
larger than those of STO substrate.

Figure 2(a) is an HRTEM image showing the in-
terface characteristics between the BaSrNbg 3Tig.703
film and STO substrate, which was imaged along the
[100] direction of STO substrate. The interface is
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Fig.1 (a) Low magnification bright-field TEM image of BaSrNbg.3Tip.7O3 film grown on STO substrate, (b) the
corresponding selected area electron diffraction pattern of the cross-section specimen with incident electron
beam parallel to the [100] direction of STO substrate, (c) the enlargement of the rectangle in (b) showing
the splitting of diffraction spots marked with arrows

Fig.2 (a) HRTEM micrograph of the interface between the BaSrNbg.3Tip.7O3 film and STO substrate along
the [100] direction of STO substrate, (b) HRTEM image with the BaSrNbg.sTig.7O3 film showing the

anti-phase domains

BNTO
STO -

100 nm

Fig.3 Low magnification HAADF image of the
BaSrNbg 3 Tip.7O3 film grown on STO substrate

indicated with an arrow. Neither elemental diffu-
sion nor chemical reaction along the interface can be
found. It is noted that misfit dislocations are observed
along the interface, as marked in this image. Anti-
phase domains marked with A and B in this image
are found in the area near the interface. Figure 2(b)
is an HRTEM image which was obtained within the

BaSrNbg 3Tip.7O3 film. The anti-phase characteris-
tics are marked with short bars in the domains labeled
with A and B. Such domain structures are believed to
correspond to the dark bands in Fig.1(a).

HAADF mode in a transmission electron micro-
scope provides incoherent images, which uses high an-
gle scattering and leads to strong atomic numbers (Z)
associated contrast. The intensity of atom columns
directly relates to the chemical composition. Figure 3
shows a low magnification cross section HAADF im-
age of BaSrNbg 3Tiy.703 film, in which the interface
is evident. The film shows nearly homogeneous com-
position distribution though some areas reveal a little
bit darker contrast in this image, which may result
from the different thickness, as evidenced by the bro-
ken edges of the surface.

Besides the above features within the film, the lat-
tice misfit relaxation mechanisms in heteroepitaxial
growth structures are another important issue due to
the potential influence of residual strains on the elec-
trical and other physical properties. Figure 4(a) is a
low magnification HRTEM image of the interface be-
tween the BaSrNbg 3Tig7O3 film and STO substrate
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Fig.4 (a) Low magnification high-resolution image of the interface showing an approximately periodic array of
mismatch dislocations, (b) an enlargement of the area signed with H in (a) showing the dislocation on the
interface, (c) an enlargement of the area signed with G in (a) revealing a case of dislocation decomposition

at the interface

taken along the [100] direction of STO substrate. It
can be seen that an array of dislocations is nearly pe-
riodically distributed along the interface. Such mis-
fit dislocations are denoted by upward arrows. The
average spacing between two adjacent dislocations
is about 16 nm. In order to get more information
about the dislocation character, a mismatch disloca-
tion denoted with H in Fig.4(a) is enlarged as seen in
Fig.4(b), where the Burgers-circuit surrounding this
dislocation core is drawn. There are three partial dis-
locations in this circuit. Two of them show opposite
signs and counteract each other. The Burgers vector
b is finally determined as a/2[011]. Since the vector
is not a lattice translation vector and no other related
defects are found in the nearly area, the measured
value must be the projected component of a perfect
dislocation. He et al.['3] studied the misfit disloca-
tions in Lag 7Cag.3MnOg thin films grown on SrTiOg
by PLD (pulsed laser deposition). They found that
a misfit dislocation with a projected Burgers vector
a/2[110] is the projected component of the perfect
dislocation with the Burgers vector of a[010]. In our
case, we think that the partial dislocation should also
be a projected component of a perfect dislocation with
Burgers vector of either a[010] or a[001]. Such dis-
location configuration appears frequently along the
interface. Detailed investigation is underway. Fig-
ure 4(c) is an enlarged image of the area marked with
G in Fig.4(a), revealing another case of dislocations
distribution. In this case, the dislocation is a perfect
one and the closure failure leads to the Burgers vector
b of a[011]. It is worthy noting that the dislocation is

further dissociated into two identical partials, which
is similar to the results obtained in Nb-doped SrTiO3
grown on SrTiOs by L-MBE (laser beam epitaxy de-
position) technique™. The lattice mismatch (f) be-
tween the film and the substrate can be calculated
based on the split of diffraction spots in the electron
diffraction patterns. Accordingly, the separation of
mismatch dislocations can be estimated to be 22 nm,
based on the equation of S=b/f. Experimentally, the
spacing of mismatch dislocations as seen in Fig.4(a)
is less than that of calculation, which indicates that
the misfit strain in the thin film system is not fully
relaxed by the formation of misfit dislocations. Other
relaxation mechanisms may also contribute to the re-
laxation process.

From plan view observation, we can get more use-
ful information on microstructure of this film. Fig-
ure 5 is a low-magnification plan-view image show-
ing the distribution of the anti-phase domain bound-
aries in the film. It can be observed that high density
of anti-phase domains exist in the film. The domain
boundaries reveal a wave-like pattern. The formation
of anti-phase domains may also make contribution to
the misfit strain relaxation in this heteroepitaxial sys-
tem.

The film of BaSrNbg 3Tip.7O3 in the present study
was grown under the condition of 107! Pa Py, and
displays higher conductivity comparing with the film
grown under the condition of 6.0x107! Pa Pp,. Al-
though Nb atoms are easy to be oxidized to become
the stable phase NbyOs, the probability of this oxida-

tion reaction is less under low oxygen pressurel'?].
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Fig.5 Low-magnification plan-view image showing the
distribution of the antiphase domain boundaries
in the film

Certainly, there is little probability to form NbyOs
in our sample prepared without Oy supply, which is
also verified by the EDP (electron diffraction pattern).
Hence, Nb doping is a noteworthy factor that is ben-
eficial to increasing the electrical conductivity of the
film in this study. More free electrons will be im-
ported when Nb* ions substitute Ti** ions more ef-
ficaciously. In addition, the whole deposition process
is carried out under the condition of reducing atmo-
sphere of Na. According to defect chemistry theory,
the presence of nitrogen causes the increase of charge
carrier. Besides, almost none of threading dislocations
is observed in the BaSrNbg 3Tig.7O3 film. It is known
that presence of threading dislocations usually cum-
bers the transport of charge carrier and leads to the
decrease of electron mobility. So from the microstruc-
ture point of view, the low density of threading dislo-
cations is likely to be an important reason that makes
the BaSrNbg 3Tig 703 film highly conductive.

4. Conclusion

Microstructural characteristics of highly conduc-
tive BaSrNbg 3Ti.703 film have been characterized
by transmission electron microscopy. Anti-phase do-
main boundaries are found in the film with high den-
sity. An array of misfit dislocations with different con-
figurations is observed nearly periodically distribut-

ing along the interface between the film and sub-
strate. Together with Nb dopant and the nitrogen
atmosphere, it is proposed that the low density of
threading dislocations contributes to high conductiv-
ity of the BaSI’Nbo,gTiOJOg film.
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