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Abstract

We have investigated the interfacial structure of epitaxial (Ba,Sr)TiO3 films grown on (111)-oriented
SrTiO3 single-crystal substrates using transmission electron microscopy (TEM) techniques. Compared
with the (100) epitaxial perovskite films, we observe dominant dislocation half-loop with Burgers
vectors of a<110> comprised of a misfit dislocation along <112>, and a threading dislocation along
<110>. The misfit dislocation with Burgers vector of a<110> can dissociate into two %a<110> partial
dislocations and one stacking fault. We found the dislocation reactions occur not only between misfit
dislocations, but also between threading dislocations. Via three-dimensional electron tomography, we
retrieved the configurations of the threading dislocation reactions. The reactions between threading
dislocations lead to a more efficient strain relaxation than do the misfit dislocations alone in the near-
interface region of the (111)-oriented (Bag 7Sro.3)TiO3 films.
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Perovskite oxide films have been studied intensively for their promising applications in integrated
dynamic random access memories (DRAMs), microwave tunable devices, and high-k capacitors, due to
their excellent dielectric and ferroelectric properties.® It was demonstrated, both theoretically and
experimentally, that interfacial stresses and defect structures strongly influence the films’ dielectric and
ferroelectric properties.”* On the other hand, according to the Matthews-Blakeslee model,****
interfacial dislocations form to relax the elastic strain in epitaxial films when the film’s thickness
exceeds a critical value. Structural investigations were undertaken on strain relaxation and the defect
structures, especially on the mechanism for accommodating misfit strains through the nucleation and
growth of dislocations. For example, Suzuki and his coworkers observed major misfit dislocations with
Burgers vectors of type a<100>, and threading dislocations with Burgers vectors of type a<110> in (001)
BaTiO4/SrTiO; thin films.™ Similar investigations were undertaken in other {100}-oriented epitaxial
films, such as SrTiOs/LaAlOs,**!" (Ba,Sr)TiOs/LaAlOs, " and Pb(Zr,Ti)Os/SrTiOs***. For a (001)-
oriented perovskite epitaxial thin film, misfit/threading dislocations with Burgers vectors of a<100> and
Y%a<110> were identified as major dislocations, and a dislocation half-loop mechanism accounted for
their formation. However, up to now, most such studies have focused on (001)-oriented epitaxial films,
not on other orientations, even though strain relaxation behavior may be influenced by different
orientations that directly affect the films’ dielectric and ferroelectric properties.?? This omission
motivated us to characterize the interfacial structure and dislocations in (111)-oriented BST thin films.
Using combined transmission electron microscopy (TEM) approaches, including electron diffraction,
scanning transmission electron microscopy (STEM), electron energy loss spectroscopy (EELS), and
high resolution-TEM (HRTEM), we investigate the interfacial structure of epitaxial (Bag 7Sro3)TiOs
(BST) thin films deposited on (111) SrTiO; (STO) single crystal substrates and with electron
tomography, we further visualized the three-dimensional (3D) morphology of the threading dislocations.
We compare the configurations of misfit and threading dislocations in (111) BST films with those in
(100) BST thin films grown under the same conditions. Our results can be applied to other {111}
epitaxial perovskite-film systems to help in understanding their mechanisms of strain relaxation.

The (111)-oriented epitaxial BST films (~ 10 and ~ 300 nm, respectively) were deposited on the (111)
STO substrates, by rf magnetron sputtering at 700 °C. The crystallinity of the films was confirmed by X-
ray diffraction (XRD). The results of reciprocal space mapping suggested that the in-plane lattice
parameters for the 300 nm-thick films are close to their bulk values, meaning that the film is almost fully

relaxed. Details of the growth and dielectric properties of the BST films are given elsewhere.”® The
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cross-sectional TEM specimens were prepared using Ar-ion milling after applying a wedge-polishing
method. The sample for electron tomography was prepared by the focused ion beam (FIB) lift-out
technique, using the FEI-Helios FIB system. We employed a 2 kV Ga-ion beam for final thinning to
remove the damaged layer at the surface. A plane-view specimen was prepared by cutting into a 3 mm
diameter disk, followed by mechanical grinding, and subsequently by Ar-ion milling on the substrate
side using a Gatan-PIPS. STEM-EELS characterization of the BST/STO heterostructure was undertaken
under an aberration-corrected Hitachi HD2700C dedicated STEM, equipped with a high-resolution
parallel EELS detector (Gatan Enfina-ER). HRTEM images, electron diffraction patterns, and electron
tomography were obtained with a JEOL JEM2100F TEM, operated at 200 kV.

We first characterized a ~ 10 nm thick BST film along the plane-view using TEM and STEM-EELS. Fig.
1 (a) is the SAED pattern from the plane-view sample containing both BST and STO. An exact
coincidence is evident from their [111] diffraction patterns with hexagonal symmetry, indicating that
their in-plane lattices are coherent. A bright-field TEM image obtained using a diffraction vector g =
101 under the two-beam condition is shown in Fig. 1 (b). We observed two arrays of misfit dislocations
(straight lines) crossing each other, and aligned along the [211] and [112] directions. As described in
the following paragraph, we identified them as pure edge dislocations with Burgers vectors of either
a<110> or 1/2a<110>. As shown in Fig. 1(c), at some end points, the misfit dislocations have reacted to
form threading dislocations (short curved segments), as marked with the blue square.?*® In contrast,
another misfit dislocations can directly change into threading dislocations, as marked with the green
square.®?® These findings suggest that the dislocations have formed half-loops. The threading
dislocation lines occur along the <110> direction. Interestingly, similar dislocations are also observed in
plane-view samples of (001)-oriented BST/STO deposited under the same conditions, as shown in Fig.
S1. Fig. 1 (d) shows the selected area electron diffraction (SAED) pattern along the [112] zone axis
from a cross-sectional sample. It was confirmed that the BST film grew epitaxially on the STO substrate
with a crystallographic relation of (111)[111]gst//(111)[111]s70, in accord with the XRD results.?* The
STEM-EELS line scan shown in Fig. S2 suggest that there is an abrupt interface between the BST film
and the STO substrate, oriented along [111] direction. Also, as indicated by the white dashed square in
Fig. 1 (d), a slightly splitting of gsst (222) and gsto (222) is observed from the diffraction pattern which
indicates the clamping effect resulting from the lattice mismatch between the film and substrate.

According to the Matthews-Blakeslee model,****

he = —2—mn(%)+11; (1)

4o (1+v)

the critical thickness, h. can be expressed as
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where o is the lattice mismatch, v represents the Poisson’s ratio, and b is the Burgers vector of the misfit
dislocation. The Poisson’s ratio of BST is estimated at about 0.31, using the average value of STO and
BaTiO3 (BTO).?"? The lattice mismatch between these two materials (the bulk lattice parameter of BST
is weight-averaged by the composition ratio of STO and BTO, as 3:7) is about 1.7%, resulting in a
compressive strain in the epitaxial films. The critical thickness of (111)-oriented BST/STO then is
estimated to be 3.6 nm thinner than that of (001)-oriented one, at 5.0 nm. This difference would result in
a faster strain relaxation in (111)-oriented BST films, as discussed previously in Ref. 23. As shown in
the HRTEM image along [112] zone axis in Fig. 1 (), the Burgers vector of the misfit dislocations is
identified along [110]. We can not identify its Burgers vector because at the (112) plane, the one unit
cell’s shift can be either from Burgers vector of %a[110] or a[011], as shown in Fig. 1 (g). On the other
hand, those two Burgers vectors can be distinguished from <110> zone axis. To help understand the
geometry of the Burgers vectors, the schematic of (112) and (110) planes are shown in Fig. S3 (a) and
(b). As shown in Fig. 1 (f), we observed two misfit dislocations with Burgers vectors of a[011] and
1a[110], respectively. According to Frank’s rule® (i.e., the energy of an elastic strain associated with
dislocations is proportional to the square of its Burgers vector), the elastic strain energy of a[110]
dislocation can be reduced when dissociating into two %2a[110] partial dislocations, as shown in EQ (2).
Whereas during this dissociation, a stacking fault (SF) with the same translation vector as %a[110] is
formed, increasing a stacking fault energy. This reaction can interpret the formation of %2a[110] partial
dislocations and the stacking faults observed in Fig. 1 (f) and Fig. S4.
a[110] = Ya[110] + %a[110] +SF; 2)

We then characterize the 300nm-thick BST film. Fig. 2 (a) is the SAED pattern from a cross-sectional
sample of ~ 300 nm thickness along the [110] zone axis at the interface. According to the XRD results,
the thick film is almost fully relaxed. Thus, we expected to observe splitting in the diffraction pattern
across the interface. As shown in the inset of Fig. 2 (a), a slightly splitting of gsst (222) and gsto (222)
is indicated by the white dashed square. Fig. 2 (b) shows the cross-sectional dark-field TEM image taken
along the same zone axis. Overall, the film’s thickness is uniform; meanwhile, a high density of
threading dislocations, with a reversed ‘Y’ or ‘fork’ shape, are observed near the interface. The details
of these threading dislocations are discussed later. Figs. 2 (c) and (d) are the FFT-filtered HR-STEM
images of the BST film along the [112] zone axis. In Fig. 2 (c), the Burgers vectors of misfit
dislocations are observed as “2a<110> with a stacking fault between them indicated by white dashed line.

Furthermore, in Fig. 2 (d) we also observed some pairs of misfit dislocations with opposite Burgers
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vectors in the thick films, which have been observed in the cubic-on-cubic system as well.**** From the
HR-STEM images along [110] zone axis in Figs. 2 (e) and (f), we observed the perfect misfit
dislocation with Burgers vector of a<110> as well as two %a<110> type partial dislocations with a
stacking fault, which is clearly due to the dislocation dissociation of EQ (2). In principle, there could be
an another dissociation reaction of a<110> dislocation: a<110>= a<100>+ a<010>, which have been
reported in (001)-oriented BaTiOs and SrTiOj; epitaxial films.™*" However, we have not observed this
reaction in our system which can be due to that this reaction will not reduce the strain energy. The
process of the misfit dislocation reactions can be understood as follows: A a<110> dislocation half-loop
formed firstly and then the misfit segment dissociates into two partial ones with Burgers vector of
%a<110>, and a stacking fault. This reaction may help to relax the dislocation energy of misfit
dislocation but increase the stacking fault energy. Therefore, whether the reaction is energetically
favorable depends on the area of the stacking fault. It is observed that in Fig. 2 (c) and (e) and Fig. S4,
the width of stacking fault is less than 10 nm, which indicates that the existence of stacking faults may
couple the “2a<110> partial dislocations.

We applied a low angle annular dark-field (LAADF)-STEM electron tomography technique to
investigate the 3D structure of threading dislocations in a 300 nm-thick film.**%** The LAADF-STEM
images were acquired from -65° to 65° with 1° intervals. The 3D reconstruction clearly shows the
network of threading dislocations near the interfacial area (Fig. 3 (a) - (d), and Movie 1 in Supplemental
Material(Multimedia view)). The as-acquired LAADF-STEM images are shown in Fig. 3 (e) - (g). We
observed a high density of threading dislocations with a reversed “Y” shape in the region close to the
substrate, as confirmed in the weak-beam dark-field images shown in Fig. S5. At the near surface region
of the BST film, we also observed a “Y” shape contrast from the dissociation of the threading
dislocations. We note that frequently we observed only two threading dislocations reacting with each
other. This might be due to the effect of the local strain field or part of the third threading dislocations
was cut off by the FIB.

Each dislocation half-loop is comprised of two threading dislocations, and one segment of misfit
dislocation. In our case, the threading dislocations should have the same Burgers vector as misfit
dislocations.”® For the threading segments of the half-loop, though the Burgers vectors remain as
a<110>, the dislocation lines are tilted to <101>, as indicated by Fig. 1 (b) and (c). As we found from
Fig. 3 (e) - (9), the threading dislocations in the film can also interact with each other to relax the strain

within the film. All possible reactions between two misfit/threading dislocations are summarized in
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Table SI of Supplemental Material. It was supposed that under the compressive strain of BST film on
STO, only the misfit dislocations with Burgers vectors along a[110], a[101] and a[011] are
energetically favorable but in reality, we have observed the dislocations with Burgers vectors of a[110],
which indicate the strain in BST film is not fully relaxed.
Considering the geometry of the thick film, where the threading dislocations are along <101> and the
film normal is [111], we demonstrate five kinds of possible configurations in Fig. 3 (h), based on the
TEM results and those from the reconstructed 3D electron tomography. The first one is the case without
reactions. The second case describes the reaction observed in Fig. 1 (b) and (c), wherein the dislocation
reaction is between misfit dislocations with Burgers vectors of a[101] and a[011]. In these two
configurations, the threading dislocation part does not react. Since in the (111)-oriented films, the
threading dislocation lines orientate along the <110> direction, they can meet and react with each other
to form reversed “Y” shape dislocations as shown in the configuration (3) in Fig. 3(h). Among all
possible reactions, EQ (3) is likely to be the case because of it is more energetically favorable. For
comparison, most threading dislocations in the (001) BST system are along <100>, where they rarely
meet and react with each other. Evidenced in Fig. 3, a threading dislocation may undergo a reversed
reaction to that of EQ (2) or (4), to dissociate into two threading dislocations at the surface, as shown in
configuration (5). In an another case, the reaction of three threading dislocations with Burgers vectors of
a[101], a[011], and a[110] will annihilate themselves in the reaction of EQ (5), and constitute the claw-
shaped configuration, shown in configuration (4):

a[101] + a[011] = a[110]; (3)

a[110] = a[100] + a[100]; 4)

a[101] + a[011] + a[110] =0; (5)
We anticipate the density of configuration (5) would be low because it is supposed to exist only in a
fully relaxed sample: any residual stress can result in anisotropy of those three vectors. The
configurations of (3), (4) and (5) were experimentally evidenced by the 3D reconstruction shown in Fig.
3, and Movie 1 in Supplemental Material(Multimedia view).
Table | compares the dislocations in (111) epitaxial BST thin film system to those in the (001) epitaxial
system. For the (001) epitaxial system, the major dislocations were observed in the {001} planes, with
Burgers vector of a<100>, whereas we observed both %a<110> and a<110> in BST/STO (111)
epitaxial films. The threading dislocations in both the (111) epitaxial films and the (001) epitaxial films
show the %a<110> and a<110> types, respectively. However, we found that the threading dislocations



O 00 N o uu b~ W N P

T e
N o 1A W N L, O

18
19
20
21
22
23
24
25
26
27
28
29
30

in the (111) epitaxial films also interact with each other in the lower part, which was seldomly observed
in the (001) epitaxial system. This leads to a higher density of threading dislocations near the interface,
consequently helping to relax the strain faster in the (111) BST films.* Based on this, we believe that
the more sufficient strain relaxation in the BST (111) films are responsible for the broadened
temperature dependence of permittivity in the (111) BST films, while compared with those in the (001)
BST films.

In summary, we investigated the microstructure of the (111) epitaxial BST/STO heterostructure using
multiple TEM techniques. We found the dominant dislocation half-loops with Burgers vectors of a<110>
were comprised of misfit dislocation along <112>, and threading dislocations along <110>. We
identified the dissociation of one a<110> misfit dislocation into two 1/2a<110> partial dislocations and
one stacking fault, which consequently leads to the domination of 1/2a<110> misfit dislocations. The
dislocation reactions occur not only between misfit dislocations but also between threading dislocations
using (S)TEM imaging and 3D electron tomography, which lead to a faster strain relaxation in the (111)
BST film. Although the dynamic process of the dissociation of the misfit/threading dislocations during
the film epitaxy would need further investigations, we believe that our results will give valuable insights

into the mechanisms of improving the thin films’ physical properties through strain engineering.
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Figure Captions

Figure 1. TEM results of the (111) BST (10nm)/STO heterostructure (a) Plane-view SAED pattern. (b)
Plane-view bright- field images of BST film under the two-beam condition, with g = 101. (c) Two
enlarged images from the selected area of (b), marked with green and blue squares respectively. The
schematic figure also is shown. (d) Cross-sectional SAED pattern along [112] zone axis. FFT-filtered
HRTEM image at (112) plane (e) and FFT-filtered HRSTEM image along [110] zone axis (f). The
Burgers circuit is drawn around the dislocation core. (g) Schematic diagram of the Burgers vectors of a
<110> and %2a <110> in <111> plane. (Sr: green, Ti: light blue, O: red)
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Figure 2. TEM results of the (111) BST (300nm) film on STO (a) Cross-sectional SAED pattern. (b)
Dark-field TEM image of the BST film under the two-beam condition, with g = 110. FFT-filtered
HRSTEM images along [112] zone axis are shown in (c) and (d). FFT-filtered HRSTEM images along
[110] zone axis are shown in (€) and (f). The stacking faults are indicated by the white dashed lines. The

Burgers circuit is drawn around the dislocation core.

Figure 3. A series of reconstructed 3D tomograms from the interface between BST film (300nm) and
STO substrate at viewing angles of 0° (a), 45° (b), 90° (c) and 135° (d) (Multimedia view). The original
LAADF-STEM images during the recording at view angles of -29.3° (e), -0.1° (f) and 28° (g). Scale bar
i1s100 nm. (h) The schematic diagram of the configurations of the misfit (blue and dash lines) and the

threading (red and solid lines) dislocation network in BST films.

Table 1. The Burgers vectors and dislocation lines of misfit and threading dislocations in (001) and (111)

epitaxial films.

Dislocation Type (100) BST on (001) STO (111) BST on (111) STO
b = a<100>; b =%a<110> or a<110>;
Misfit dislocation
| =<100> | =<112>
) ) ) b = %a<110> or a<110>; b =%a<110> or a<110>;
Threading dislocation
| =<001> | =<110> or <100>
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