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Figure 4.38: An atomic resolution HAADF image of BLT on (OOl)STO acquired 
using the probe corrector is displayed. The inset marked with a red rectangle is the 
simulated HAADF image of the BLT film parallel to the zone axis < 110> BLT with 
the space group of B1a1, following the unit cell structure and atomic coordinates 
from the neutron diffraction refinement (Kim et al. , 2005). The parameters used for 
the simulation were acceleration voltage of 300 kV, Cs value of 0.002 mm, condenser 
aperture of 5 mrad, sample thickness of 40 nm, defocus of 0 nm (at the top of the 
sample), and inner-outer detector angle of 45-113 mrad. (The simulated HAADF 
image is courtesy of Yang Shao) 
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(a) 

(b) 

Figure 4.39: (a) A non-probe corrected atomic resolution ADF image of t he BLT 
film, recorded with t he sample oriented at the ZA < 010> BLT, shows translational 
defects highlighted inside the dashed red square. (b) Another type of defect , showing 
vanishing and appearing rows pointed out by yellow arrows, are located between 
the Bi20 2 layer and the perovskite-like layer , at the region of the film closer to the 
substrate. 122 
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anti-phase boundaries (APBs) have previously been associated with a new domain­

switching mechanism, which resulted in the improvement of fatigue resistance of BLT 

in comparison to BiT. Previous studies by Ding, et al. (2001) demonstrated that 

APBs, which are OPBs with translational shift of one half of a unit cell, only appeared 

in BLT, yet not in BiT, consistent with the observation reported by Chu, et al. (2002). 

Such APBs have been suggested to be responsible in contributing to improved fatigue 

resistance of BLT by providing extra nucleation sites for ferroelectric domains during 

polarization reversals. Hence, the nucleation of domains can occur not only at the 

electrode/ferroelectric interface but also at the APBs (Ding et al., 2001). Even if 

nucleation at the electrode/ferroelectric interface is suppressed, the domain switching 

process will not be inhibited due to the presence of APBs, resulting in a negligible 

decrease in remanent polarization up to 1010 read/write cycle. 

The importance of OPBs may be related to that of APBs. Ding, et al. (2001) have 

proposed the role of APBs, which present in SBT but not in PZT, as illustrated in 

Figure 4.40. The presence of APBs helps for easier nucleation of ferroelectric domains 

during polarization reversals. In PZT, which contains no APBs, domain nucleation 

during switching occurs only at the film-electrode interface (Figure 4.40( a-d)). In 

contrast, in SBT containing APBs, the nucleation of new domains during switching 

takes place both at the film-electrode interface and at the APBs (Figure 4.40(e-h)). 

Fatigue in ferroelectrics is commonly associated with domain pinning due to the pres­

ence of oxygen vacancies generated because of the volatility of Bi-ions. In the case of 

BLT, the extent of oxygen vacancy formation due to Bi volatility is reduced by the 

substitution of La dopants, so that less oxygen vacancies are present in BLT in com­

parison to BiT. However, since La ions only partially subtitute for the Bi ions, some 

oxygen vacancies are still likely to form and concentrate at the electrode-film inter­

face, inhibiting the nucleation of new opposite domains during polarization reversals. 

The presence of OPBs or APBs in BLT, acting as nucleation sites for new domains 

during polarization reversals, helps the polarization reversals to proceed despite the 

presence of oxygen vacancies concentrated at the electrode-film interface (Ding, et 

al.2001, 2001, b, Chu, et al. 2002). Therefore, even though the film-electrode inter­

face may get saturated with oxygen vacancies preventing domain reversals, domain 

nucleation can still proceed at the APBs. Following this argument, the presence of 
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APBs, as well as OPBs, improves the fatigue resistance of BLT films. 

Another type of defect present in the BLT film grown on (111)-STO is observed 

in the non-probe corrected ADF image recorded with the sample oriented at the 

ZA<OlO>BLT, as shown in Figure 4.39(b). The defects are observed at the region 

of the film closer to the substrate and are indicated by yellow arrows. The yellow 

arrows on the left indicate the vanishing rows of Bi20 2 layer. On top of the vanishing 

rows, extra rows of atoms appear as highlighted by the yellow arrows on the right 

side. These regions, where some BLT unit cells may overlap with other unit cells 

experiencing a translational shift along the c-axis direction, are defined as "defected" 

regions. Such defects were also observed, even more clearly, in BLT films grown on 

(100)-STO, as shown in Figure 4.41(a), which was acquired with the sample oriented 

with the ZA <lOO>BLT· The alternating defect-free and defected regions appear 

as a structural modulation along the lateral direction, parallel to the interface with 

a spatial wavelength of about 5-6 nm near the interface area and diminishes with 

increasing film thickness. 

In order to more clearly see the modulation, a numerical Fast Fourier Transform fil­

tering method was applied to the original ADF image. One of the major reflections 

in the FFT pertaining to c/3 was then masked so that only the periodic spacing per­

taining to that specific reflection was present. Finally, the masked FFT was inverted 

back into an image as shown in Figure 4.41(b), which clearly displays the structural 

modulation. 

The cause of the structural modulation in BLT is not obvious. However, the vari­

ation of contrast at the BLT /SRO interface as observed in Figure 4.41(a) suggests 

a correlation between the formation of a defect-free or defected region and the first 

atomic layer of deposited on the SRO surface. An earlier investigation on BiT thin 

film growth on STO by Pan, et al. (2003) revealed that the growth always starts 

with the central Ti02 layer in the middle of the triple perovskite block, which is 

shared by both the BiT film and STO substrate. Further, they also described that an 

atomic step of one unit cell height on the Ti02-terminated STO surface will induce 

the presence of out-of-phase boundaries, assuming that the growth sequence of BiT 

is the same on both sides of the step. Even though the presence of OPBs in BiT 

is contradictory to what has been reported by Chu, et al. (2002) and Ding, et al. 
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Figure 4.40: Schematic illustrations of polarization reversals (switching) in PZT (a-d) 
and SBT (e-h). The APBs, which only exist in SBT and are depicted as irregular 
curves in (e-h), help in the nucelation of new domains during switching. The arrows 
indicate the direction of polarization in each ferroelectric domain. The bold arrows 
and letter Es indicate the direction of the electric field. (adapted from Ding et al., 
2001) 
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(a) 

(b) 

Figure 4.41: (a) A probe-corrected atomic resolution HAADF image of BLT film 
grown on (100)-STO substrate recorded in a direction parallel to the ZA < llO> BLT 
shows a modulation of ideal and defected regions along the lateral direction. The 
white lines indicate the approximate width of the defect-free atomic layers located at 
the SRO/ BLT interface. (b) A numerically filtered image of (a) enhances the specific 
periodicity of c/3 in the BLT unit cell and clearly shows the structural modulation, 
represented as bright and dark patches, along the lateral direction. 
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(2001), it is clear that the first atomic layer grown on specific surface-terminated sub­

strates governs the stacking configuration of the thin film growth. Thus, in order to 

understand the formation of defect-free and defected regions in BLT, it is important 

to study the preferred nucleation layer or the first atomic layer of BLT deposited on 

the SRO buffer layer as well as the surface termination layer of SRO. 

When the first layer of atoms shows bright contrast (underlined with white lines in 

Figure 4.41(a)), the subsequent atomic layers configure as defect-free unit cells. This 

observation is even more clearly demonstrated in Figure 4.42(b), where bright layers 

at the interface induce the formation of defect-free unit cells. In contrast, the region 

above the first layer with dark contrast (the non-underlined layer in Figure 4.41(a)) 

forms defected unit cells. The numerically filtered HAADF image (Figure 4.41 (b)) 

showed the alternating bright and dark patches in the BLT film, representing the 

alternating region of defect-free and defected unit cells, respectively. 

The atomic structure of the defect-free region located at the top part of the film away 

from the film-substrate interface (Figure 4.42(a)) shows the presence of a herringbone 

pattern of intensity tails of Bi ions within the perovskite layers, which is indicated 

by white arrows in the shadowed region. The simulation of a BLT unit cell based 

on the atomic positions obtained from the refinement of neutron diffraction exper­

iments reported by Kim, et al. (2005), as shown previously as the inset in Figure 

4.38, demonstrates a very good agreement with the experimental HAADF image. It 

suggests that the structure of the BLT unit cell from the neutron diffraction refine­

ment is correct. The observed intensity trails are not originated from the Bi ions, but 

instead they appeared due to the presence of Ti ions. The intensity tails in the ex­

perimental image due to the presence of Ti confirms the presence of Ti06 octahedral 

tilting in the BLT film. The fact that the intensity tails are not faithfully pointing 

in the same direction in every perovskite layer confirms that the intensity tails were 

not artefacts generated during scanning acquisition, but really are characteristic of 

the sample. The evidence of octahedral tilting in BLT unit cell is in agreement with 

what has been previously reported and responsible for the relatively large value of 

remanent polarization of BLT (Park et al., 1999). Another HAADF image at the 

BLT-SRO interface (Figure 4.42(b)) demonstrates that the first atomic layer deter­

mines the stacking configuration along the growth direction. The boundary between 
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defect-free and defected regions is shown with a vertical yellow line. 

Further analysis of the interface was focused at the region between defected and defect­

free regions. The corresponding distribution of HAADF intensity signals of the first 

atomic layer at the interface, marked by a blue rectangle in Figure 4.42(a), is shown 

in Figure 4.42(c). The HAADF intensity signals are proportional to the scattering 

probabilities depending on the atomic number (Z) of element. The distribution of 

intensity signals indicates that the layer of atoms with lower HAADF intensity (dark 

contrast) is subsequently followed with the defected unit cells. In contrast, the higher 

HAADF intensity (bright contrast) atomic layer is followed with the defect-free unit 

cells. The lower HAADF intensity at the interface may be attributed to the La atoms 

(Z=57) substituting for Bi atoms (Z= 83) in the BLT layer or the overlapping of La 

on Bi along the beam direction, as illustrated in Figure 4.43. Since the difference 

of atomic number between Sr and Ru is relatively small (Zsr= 38; ZRu= 44), the 

HAADF intensity of Sr and Ru will be relatively similar, as shown in the substrate 

region. Therefore, it will be quite unlikely to distinguish Sr from Ru based on the 

observation of HAADF intensity. The significant variation of HAADF intensity at 

the interface (Figure 4.42(c)) is likely to be caused by the presence of either La or Bi, 

composing the first atomic layer grown on SRO layer, which is governed by surface­

termination of SRO substrate. 

The differences in the first atomic layer can arise from two different surface termina­

tions of the SRO substrate, namely SrO-terminated or RuOrterminated. Since Sr 

occupies the A-site in the perovskite unit cell, while Ru occupies the B-site (the octa­

hedra), the SrO-terminated surface will be subsequently followed by a B-site cation, 

which is Ti in Ti02 in the next layer. However, if the substrate is RuOrterminated, 

it is likely that the next deposited atomic layer will consist of A-site cation, which is 

Bi or La in this case. 

Based on two different surface terminations of the SRO substrate, there are two 

possible stacking sequences of the BLT unit cells. The first possibility is the SrO­

terminated SRO surface followed by Ti02 layer as the first deposited atomic layer. 

The formation of the Ti02 layer, which lies in the middle of the triple perovskite-like 

block of the BiT parent unit cell, as the first deposited atomic layer is energetically 

favorable, as has been reported for BiT thin films grown on STO substrate by Pan, et 

128 



Ph.D T hesis - L. Gunawan McMaster - Materials Science and Engineering 

. . . . ~ . . ~ . . . . . . . . . . . 
• • • • • • • • • . ., ~ . . ~ . . . 
• -· ••. - .. _flJ JI' " ,, _ _., • .. • • • # • • • 

···~·-············ · ••f'P•••<· •·• •••• •• • •• 
• • • • • • • • • • • • • • • • • • • 
............ 1'• •.:1>• ····· 
e Ii' II# • {9 e 'lfil .. • a. '9' ;~ 4!'·\·,~-r-"~f·· I 

.. 

.~ .... ............. , .. . . . . . . . . . . . . . . ··~· . . . . . . . . . . . . . . . .. .. ,. . ·--·~~··#••••*··-.. .. .. • .. .. • . • • • • . . • .. .. .. • 
~ f • ~ 11m • • . .. • • • .. Clo ,. • 
• • • . . . • . • • <! • • • • • • • • • • • tl!I • • 
~ . . . ~ . . . . . • • • • 
• • • • • • • • • • • • • • • • • c • 

(a) 

45000 

40000 

' ' 
35000 

30000 \J \J lJ \J '1.11J ii I.I Ur.J \j ... u 
25000 

20000 

(b) 

l 
.. ! ! I 

IJ u u 
"' I.I 

10 

(c) 

Figure 4.42: A probe-corrected HAADF image of BLT on (100) SRO/ STO recorded 
with t he sample oriented at t he ZA < llO> BLT shows (a) a defect-free region at t he 
top part of t he sample and (b) alternating defect-free and defected regions along the 
BLT / SRO interface separated by a yellow vert ical line. The shadowed areas in (a) 
indicate herringbone pattern intensity t rails, which appear due to t he posit ion of T i 
ions in the BLT unit cells. These patterns confirm the presence of octahedral t ilt ing 
in t he BLT unit cell. (c) The distribution of the intensity signal in t he HAADF image 
along the first layer of atoms in t he region ident ified by a blue rectangle in (b). Since 
HAADF intensity represents t he contrast related to t he atomic number (Z) of element, 
t he higher signal intensity indicate t he presence of higher Z elements, and vice versa. 
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al. (2003). Such stacking will form a defect-free region on the SrO-terminated surface. 

The second case is the Ru02-terminated SRO surface, which can be followed by either 

a BiO or LaO layer. The variation of HAADF intensity over the interface (Figure 

4.42(c)), which is likely to be originated from the difference of Z between La and Bi, 

indicates that the first layer with lower HAADF intensity is always followed with a 

defected region, and the first layer with higher HAADF intensity is followed with a 

defect-free region. This suggests that if the BiO layer forms after Ru02-terminated 

surface, the stacking will form a defect-free region. But, if the LaO layer forms after 

RuOrterminated surface, the following stacking will form a defected region. These 

arguments, however, are lacking in terms of the mechanism on how La layers generate 

defected regions and Bi layers generate defect-free regions. So far, there has not 

been any report regarding the favourable energy state on the formation of either the 

defect-free or the defected BLT unit cells. In the future, calculations of the energy 

of formation of the BLT unit cell with different first atomic layer on different surface 

termination as mentioned above will be useful to further understand the mechanisms. 

Besides the surface termination of the substrate, the formation of defect-free and 

defected regions in the BLT film may also be influenced by the OPBs. Both ADF 

images recorded with the sample oriented at the ZA<OlO>BLT (Figure 4.39(a)) and 

at the ZA<llO>BLT (Figure 4.42(b)) show that the OPBs are present in both a­

and b-axes direction of the BLT unit cell. Therefore, the OPBs can be regarded as 

two-dimensional defects in the lateral direction parallel to the film-substrate interface. 

The presence of two-dimensional defects in Bi-based layered perovskites have been re­

ported on Ba2Bi4 Ti5 0 18 in the form of the rectangular-shaped grain boundaries (Hesse 

et al., 2000), and on Sr4Bi4Ti70 24 in the form of spiral-shaped boundaries(Zurbuchen 

et al., 2007). Along the beam direction, at which the ADF images were recorded, the 

defect-free unit cells are not uniformly present throughout the thickness of the TEM 

foil. There are regions where some defect-free unit cells may overlap with other cells, 

which undergo a translational shift along the c-axis direction, and form the so-called 

"defected" region. In this case, the OPBs lie normal to the film-substrate interface 

but perpendicular to the beam direction, which makes the OPBs invisible along the 

viewing direction. Due to the two-dimensional nature of OPBs, the overlapping unit 

cells will not be uniformly present in the direction parallel to the film-substrate inter­

face, but instead they will alternate with the original or non-overlapping unit cells. 
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These alternating regions are the reasons why extra atomic rows appear and vanish 

in Figure 4.39(b), and why modulation between ideal regions and defected regions 

appear in Figure 4.41(a). 

An illustration representing a translational shift by a fraction of the c lattice parameter 

( c/s) along the beam or viewing direction is depicted in Figure 4.43. The illustration 

also shows an OPB perpendicular to the beam direction. In the beam direction, or 

the viewing direction, the overlap of the two unit cell configurations gives a similar 

structure to that observed in Figure 4.39(b). The translational shift between the two 

regions is likely to be influenced by the first atomic layer deposited during the growth 

process. Note that Bi ions in the BLT unit cell can be classified into two types, 

namely Bi1 and Bi2 , located in the perovskite-like layer and the Bi20 2 layer of BLT 

unit cell, respectively. On one hand, if the first deposited layer consists of La ions, 

which readily substitute for Bi ions in the Bi20 2 layer (as demonstrated in the EELS 

mapping experiment discussed later in Subsection 4.3.2.2), the configuration of the 

unit cell starts with Bi2 type followed by triple perovskite-like layers. On the other 

hand, if the first layer starts with Bi ions, the unit cell configuration starts with Bi1 

type followed by double perovskite-like layers. 

Referring back to the Ru02-terminated SRO surface, there are two possible layers as 

the first atomic layer deposited at the film-substrate interface, i.e., BiO layer or LaO 

layer. Taking the BiO layer as the first atomic layer, the BLT stacking will follow 

the configuration depicted at the right-side of Figure 4.43. The second possibility, 

starting with LaO as the first atomic layer, the BLT stacking will follow the left­

side configuration in Figure 4.43. Considering that the surface termination is not 

necessarily uniform over the two dimensions of the SRO substrate, it is likely that the 

left-side and the right-side BLT configurations may overlap along the beam direction. 

The region consisting of the overlap of the two configurations appears as the defected 

region, whose first atomic layer showed lower HAADF intensity signals due to the 

presence of La substituting Bi2 ions in the first atomic layer. Meanwhile the defect­

free configuration always starts with Bi1 ions as the first atomic layer, which show 

higher HAADF intensity signals compared to La ions. 

Based on the explanation above, the presence of defected and defect-free regions in 

the BLT film is mainly influenced by (i) the surface termination of the SRO substrate, 
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Figure 4.43: An illustration describing a misregistry of BLT unit cells along the 
beam direction, i.e., (100) BLT, which creates an appearance of extra rows between 
the Bi20 2 layer and the perovskite-like layer due to the overlap of the two unit cell 
configurations. Bi1 corresponds to Bi ions in the perovskite-like layer, and Bi2 to Bi 
ions in the Bi20 2 layer. EELS investigations show that La ions are more dominant in 
substituting Bi ions in the Bi20 2 layer. 
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Figure 4.44: The BLT / SRO interface shows the presence of an atomic step inclined 
to the viewing axis (highlighted in the blue shaded rectangle) and dislocation (high­
lighted in the green shaded square). The border of the interface atomic step is indi­
cated by the yellow lines, while the red arrows point out the vanishing atomic rows. 
The inset is a masked, numerically-filtered image corresponding to the green shaded 
square, which shows a dislocation at the interface. 

whether it is SrO-terminated or Ru02-terminated, (ii) the first deposited atomic layer , 

whether it is Ti02 , LaO or BiO layer , and (iii) the two-dimensional nature of the 

OPBs. The SrO-terminated surface generates the defect-free region. However , the 

Ru02-terminated surface generates two different regions, i.e ., the defect-free region 

when the next atomic layer is BiO layer , and the defected region when the next atomic 

layer is LaO layer. This difference in the first deposited atomic layer also governs the 

the translational shift on both sides of the OPBs. The first deposited atomic layer , 

whether it is an LaO or BiO layer, creates a variation of unit cell stacking leading to 

the formation of OPBs. The presence of two-dimensional OPBs, which are parallel to 

the film-substrate interface, creates alternating regions of overlapping unit cells with 

different growth order. The overlap of unit cells containing OPBs perpendicular to 

the beam direction generates the defected region. In contrast, the non-overlapping 

unit cells generates the defect-free region. 

The presence of OPBs along both a- and b-axis of BLT unit cells, however, is not only 
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caused by the variation of the first deposited atomic layer, but also other factors per­

taining to surface roughness of the substrate and lattice misfit between the substrate 

and the deposited film. A different region along the interface revealed this situation, 

as shown in Figure 4.44. 

The blue shaded rectangle highlights the presence of an atomic step inclined to the 

viewing axis at the BLT /SRO interface, as indicated by gradually fading intensity 

of atomic rows pointed out by red arrows. The interface step initiates the border 

between defected and defect-free regions during growth, which can also be regarded 

as the presence of misregistry between two different unit cell stackings. Zurbuchen, 

et al. (2007) have stated that assuming the layering configuration of the growing 

film is the same, the atomic-scale topography of the substrate surface can induce the 

nucleation of out-of-phase domains in the growing film. For example, a translational 

shift introduced between the two regions separated by the interfacial step is depicted 

for ABi2B20 9 on STO in Figure 4.45 (a). In our case, assuming that the stacking 

configuration is maintained to be the same, one unit cell height variation in the SRO 

layer will cause a shift of "'0.4 nm, which corresponds to about 1/s of the c-lattice 

parameter of the BLT layer. The translational shift between the regions adjacent to 

the surface step causes a misregistry of adjacent unit cells of "' c/s resulting in the 

formation of out-of-phase boundary (OPB). 

The green shaded square in Figure 4.44 highlights the presence of a dislocation, which 

also introduced an out-of-phase boundary between defect-free and defected regions. 

Zurbuchen, et al. (2007) have explained that dislocations may perturb the structural 

correlation along the lateral direction and cause a different layering configuration be­

tween regions bordered by the dislocation, as illustrated in Figure 4.45(b) for A3B20 7. 

The lattice misfit between the film and the substrate induces distortions which lead to 

instability of a B06 octahedra. Therefore, at the core of the dislocation, the larger AO 

with 6-fold coordination has a greater tendency to replace the B06 octahedra. This 

interruption in the first atomic layer causes the split of two separate nuclei alongside 

the dislocation, which then grow with different stacking configuration. However, the 

region between the two out-of-phase nuclei is left empty in the schematic illustration 

shown in Figure 4.45(b) for A3B207 indicating the arrangement is rather hypotheti­

cal since the nucleation mechanism has not been observed experimentally in a layered 
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oxide (Zurbuchen et al., 2007). In the Figure 4.44, the region above the dislocation 

shows an extra row of atoms forming a defected region. 

In brief, the surface termination of the substrate and the first atomic layer of the 

film govern the formation of ideal and defected regions in BLT thin films. Different 

surface terminations also lead to different stacking configurations, which results in 

the formation of OPBs between adjacent unit cells. Other factors contributing to 

the formation of OPBs are surface roughness of the substrate and misfit dislocations 

along the interface. The non-uniformity of the substrate surface or surface steps may 

induce translational shifts by a fraction of lattice parameters on either side of the 

steps, while maintaining the same stacking configuration of the film. Meanwhile, 

misfit dislocations give rise to different stacking configurations of the film on either 

sides of the dislocations. 

4.3.2.2 La Location in BLT 

Aberration correction of the probe-forming lens leads to beams with much higher 

current than the uncorrected beam. These aberration-corrected beams enable EELS 

experiments to be performed at the atomic level. In this case, EELS linescans were 

utilized in order to investigate the location of La ions in BLT unit cells, in the Bi20 2 

layer, in the perovskite-like layer, or in both layers with different levels of occupancy. 

The results of EELS linescans obtained with the sample oriented with the beam 

parallel to the ZA <110>BLT, showing the M4,5 edge of La at 832 eV and 849 eV, are 

presented in Figures 4.46 (a) and (b) in the Bb02 layer and the perovskite-like layer, 

respectively. 

The distribution of the La signal along the linescan after background subtraction 

shows that La ions are present in both the Bi20 2 layer and the perovskite-like layer. 

Nevertheless, the La occupancy in the perovskite-like layer is much less in comparison 

to that in the Bi20 2 layer, as indicated by a factor of three times more counts in 

Figure 4.46(a) than in Figure 4.46(b). This evidence differs from the previous reports 

and observations with neutron (Kim et al., 2005) and X-ray diffraction(Kim et al., 

2007). 
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Figure 4.45: Nucleation mechanisms of layered perovskite on SrTi03 may be induced 
by (a) steric nucleation, in which the same layering unit cells nucleate at an interface 
step and form out-of-phase boundary, and (b) at a misfit dislocation which perturbs 
the structural correlation of the nucleating layers , causing two regions beside the 
dislocation to grow with different stacking configurations. (from Zurbuchen et al. , 
2007) 
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Figure 4.46: Background subtracted EELS linescans in the BLT unit cell viewed 
along ZA< llO> BLTwere performed along (a) t he Bi20 2 layer and (b) t he perovskite­
like layer. The location where the EELS linescan was performed in t he BLT unit cell 
is indicated by t he white line. The red dots along the white line (from left to right) 
are associated with t he numbered EELS spectra. 
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(a) 

(b) (c) (d) 

(e) (f ) 

Figure 4.47: (a) HAADF image indicating the location of the ideal region in BL 
06 sample, highlighted by a green rectangle, used for EELS mapping; (b) HAADF 
intensity recorded simultaneously while the EELS spectra in the region of interest 
(the green rectangle in (a)) were acquired; (c) the EELS composite Ti (red) and La 
(green) map, (d) La N edge (99 eV) signal, (e) Ti L edge (456 eV) signal, and (f) La M 
edge (832 eV) signal. The EELS sprectrum image is 32 x 32 pixel with dwell t ime of 
30 ms/ pixel. (Courtesy of: Sorin Lazar, FE! Electron Optics, The Ne therlands and 
M cM aster Universi ty ) 
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Figure 4.48: (a) HAADF image indicating the location of the defected region in BL 
06 sample, highlighted by a green rectangle, used for EELS mapping; (b) HAADF 
intensity recorded simultaneously while the EELS spectra in t he region of interest 
(the green rectangle in (a)) were acquired; (c) the EELS composite Ti (red) and La 
(green) map, (d) La N edge (99 eV) signal, (e) Ti L edge (456 eV) signal, and (f) La 
M edge (832 eV) signal. The EELS spectrum image is 96 x 36 pixel with dwell t ime 
of 40 ms/ pixel and frame t ime of 4 minutes. (Courtesy of: Sorin Lazar, FE! Electron 
Optics, The Netherlands and McMaster University ) 
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In addition, results from EELS mapping experiments from defect-free and defected 

regions in the BL 06 sample are presented in Figures 4.4 7 and 4.48, respectively. 

Interestingly, the La N and La M maps (Figures 4.47(d) and (f)) show that La ions 

are predominantly present in the Bi20 2 layer. Furthermore, the maps also show that 

the La ions specifically occupy the top plane of the Bi20 2 layer. This evidence is in 

contrast to the assumption that La ions are more likely to substitute for Bi in the 

perovskite-like blocks. 

Since the ionic radii of Bi3+ (1.17 A) and La3+ (1.16 A) are very similar, it is inter­

esting to find out the cause of the preferential location of La. The tendency of La 

to substitute for Bi in Bi20 2 layer may be driven by stress relaxation of the strained 

layer. Strain build-up in the Bb02 layer has been predicted due to the tolerance fac­

tor, i.e., the size matching of the fluorite- and perovskite-like blocks. The mismatch 

between the a-parameter of the Bi20 2 layer of 3.80 A and that of the perovskite-like 

blocks of BiLaTi3 0 12 of 3.89 A causes strain in the smaller fluorite blocks (Hervoches 

and Lightfoot, 2000). Taking into consideration that stress relief in the layered per­

ovskites can be achieved in different ways, i.e., by octahedral tilting and lowering of 

the overall symmetry or by cation diorder, it is more likely for La in Bi3_25 Lao.75Ti3 0 12 

to relieve the strain build up via partial disorder, and occupy the Bi20 2 layers instead 

of perovskite-like blocks. Based on the argument of Hervoches and Lightfoot, La ions 

prefer to adopt a more symmetrical environment than Bi in the Bb02 layers, which 

may be accomodated by their displacement along the c-axis. Evidence of displace­

ment along the c-axis in order to achieve a more symmetrical environment has been 

reported for Sr2+ in Bii.8Sr2.2Ti0_8Nb2.2012 (Hervoches and Lightfoot, 2000). The Sr2+ 

ions shift upwards in the Bi20 2 layer to achieve approximately equal bond lengths 

(Figure 4.49(b)). This displacement along the c-axis in order to gain a more symmet­

rical enviroment in the Bi20 2 layer may explain the tendency of La occupying the top 

plane of the Bb02 layer. 

In the defected region, it is also clear that La ions are concentrated in areas where the 

translational shift between unit cells occurs. The additional tendency of La ions to 

occupy the OPBs may be related to the high fatigue resistance of BLT, as previously 

explained in Subsection 4.3.2.1. The occurence of OPBs in BLT but not in BiT might 

be the reason for its high fatigue resistance. The OPBs can supply additional nude-
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(a) (b) 

Figure 4.49: (a) The "off-center" coordination environment of Bi ion in the Bi20 2 

layer and (b) the more symmetrical local environment of Sr ion in the Bh02 layer. 
The Sr2 ion is offset of "'"' 0.8 A from the Bi2 ion along the c-axis in order to achieve 
more regular local geometry with eight approximately equal bond lengths (Hervoches 
and Lightfoot, 2000). 

ation sites of ferroelectric domains during polarization switching making nucleation of 

those domains not solely dependent on the film-electrode interface (Ding et al., 2001). 

Furthermore, the fact that more La ions substitute for Bi ions in the Bi2 0 2 layer actu­

ally helps maintain the assymetrical environment of Bi in the perovskite-like blocks, 

represented by octahedral tilting in Figure 4.42(a) in Section 4.3.2.l. Previously, it 

has been hypothesized that the extent of octahedral tilting will diminish due to La 

substitution of Bi in the perovskite-like layer (Hur et al., 2004). However, since most 

La occupies Bi sites in the Bi20 2 layer, the extent of octahedral tilting within the 

perovskite-like layer is maintained in similar way as that in the BiT parent unit cell. 

The argument is supported by experimental measurement of remanent polarization. 

The relatively large value of remanent polarization in BLT is due to octahedral tilt­

ing as Bi ions are shifted from their equilibrium position along the a- or b-axis, as 

observed in Figure 4.42(a). 

The preferential substitution of La in the Bi20 2 layer is also consistent with previous 

observations of defected regions induced by surface termination of the substrate and 

the first atomic layer grown at the film-substrate interface. The first atomic layer 

governs the stacking sequence during epitaxial growth of the BLT film. When the 

substrate is SrO-terminated, a Ti02 layer is formed as the first atomic layer and the 

BLT unit cell follows a defect free configuration. In the RuOrterminated surface, 
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the first atomic layer may be composed of a BiO or LaO layer. In the case of BiO 

as the first atomic layer, the rest of the stacking will follow the defect-free unit cell 

configuration. However, if a LaO layer forms as the first atomic layer, the following 

unit cell configuration will actually form a defected unit cell with extra atomic rows 

between the Bb02 layer and the perovskite blocks. As the variation of surface ter­

mination is present in two-dimensions, the defect-free and defected regions appear in 

alternating periodicity along the lateral direction, especially at the region close to the 

film-substrate interface. 

The presence of out-of-phase boundaries (OPBs), translational defects due to mis­

registry of the unit cell by a fraction of the unit cell parameter have been clearly 

observed in the HAADF images of the BLT films. The OPBs have been explained to 

be influenced by different unit cell configurations depending on the surface roughness 

or the surface termination of the substrate, the first atomic layer deposited as well as 

the defects at the interface, such as dislocations. The impact of the presence of OPBs 

in BLT in terms of its fatigue resistance has not been determined yet. According to 

literature (Ding et al., 2001, 2001, b), the OPBs observed in BLT but not in BiT 

may be responsible for the high-fatigue resistance of BLT. The OPBs can act as nu­

cleation sites for ferroelectric domains during polarization switching so that the sole 

dependency of nucleation on the film-electrode interface is reduced. 

The EELS investigation and the atomic resolution HAADF images revealed results 

that are different from literature in terms of the location of La ions. The literature 

(Kim et al., 2007, 2008; Park et al., 1999; Hur et al., 2004) reported the tendency of 

La ions to substitute for Bi ions in the perovskite-like layer. In this study, the La 

ions have been observed to mostly occupy the top plane of the Bi20 2 layer and only 

a small fraction of the La ions substitutes for the Bi ions in the perovskite-like layer. 

The preferential location of La is explained as a means of stress relief from the lattice 

mismatch between perovskite-like and Bi20 2 layers. Following the observation of a 

Sr2+ shift in Bh.8Sr2.2 Ti0.8Nb2.2 0 12 as reported by Hervoches and Lightfoot (2000), 

the preference of the La ions to occupy the top layer of Bi2 0 2 layer may be explained, 

in that La ions undergo a vertical shift along the c-axis direction of the BLT unit cell 

to occupy a more symmetrical environment. 
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Chapter 5 

Summary and Future Work 

In this study, the benefits of the new generation of aberration-corrected TEMs in 

improving spatial resolution has been demonstrated by investigations related to the 

structure-property relationships of several ferroelectric and multiferroic Bi-based per­

ovskite oxides, which were grown by PLD. The more direct interpretation and the 

suppressed delocalization in HRTEM images, as well as the achievement of atomic 

resolution in HAADF images, demonstrated in the observation across interfaces and 

thin films in this study the capability and stability of the FEI-Titan TEM. The in­

formation limit of this new generation of TEM was ,......, 0.65 A. 

Investigations using both selected area diffraction and convergent beam diffraction of 

a BFCO 1/1 thin film on a SRO /(lll)STO substrate with the sample oriented at the 

ZA<llO>sTo showed extra reflections along the <111> direction which correspond to 

either anti-phase tilting of B06 octahedra or ordering of B-site cations. The relatively 

large saturation magnetization, one order of magnitude higher in BFCO 1/1 relative 

to that of BFO alone, strongly indicates that B-site cationic ordering is likely to be 

present in the film. In addition, when the sample is oriented along the ZA <lOO>sTo 

the CBEDP of BFCO 1/1 also showed non-periodic extra reflections which have been 

attributed to presence of the secondary phase, Bi20 3 . 

Using the quantitative L3 /L2 ratio of EELS experiments performed on BFCO 1/1 

confirmed the valence of Fe and Cr to be 3+, and therefore no charge ordering is 
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present in BFCO 1/1. The 0 K-near edge structure of BFCO revealed transitions to 

the unoccupied 2p levels hybridized with the 3d-t2g and eg of both Fe and Cr. Such 

transitions result in broadening of the 0-K edge structure of BFCO 1/1, which consists 

of the superimposed structures of 0 K-edges in the Fe3+ and the Cr3+ environments. 

In addition, longer acquisition time and instability of the high tension of STEM may 

also contribute to the broadening of the 0-K edge structure. 

Further investigations on samples where the ratio of BFO and BCO deposition is 

1 to 3, i.e., BFCO 1/3 on (lll)SRO/STO substrates, revealed the presence of a 

layered structure with Bi double-layers that was not observed in the BFCO 1/1 phase. 

The fact that the piezoelectric response of the BFCO 1/3 sample on (lll)SRO/STO 

deviated significantly from the <111> direction and the magnetization of BFCO 1/3 

was much lower than that of BFCO 1/1 strongly suggests that B-site cationic ordering 

is no longer present in BFCO 1/3. The appearance of Bi-double layers in the HAADF 

image strongly indicates that the unit cell structure of the BFCO 1/3 sample was 

different from the double perovskite structure of BFCO 1/1. 

The structure refinement from the e-W XRD experiments of BFCO 1/3 gave a mono­

clinic unit cell with space group #14 (P 2i/n) and lattice parameters of: a = 10.9764 

A, b = 10.8479 A, and c = 15.9073 A, with a= /3 = 90° and/= 90.3°. The atomic 

resolution ADF images revealed a unit cell configuration that resembles a Ruddlesden­

Popper structure. Therefore, the RP structure served as the starting point for esti­

mation of atomic positions in the unit cell of BFCO 1/3. The modification and refine­

ment of atomic position was iterated based on the agreement of d-spacings with those 

calculated from the experimental SAEDPs. Despite the agreement in d-spacings of 

simulated SAEDPs of BFCO 1/3, the exact pattern of experimental SAEDP of BFCO 

1/3 was not reproduced, due to the lack of precise information regarding the atomic 

positions in the unit cell. Further complication in interpreting the SAEDPs comes 

from the presence of variations of the in-plane unit cell orientations and of twinning 

along the growth direction, as revealed by 3D X-ray Diffraction reciprocal space maps. 

The EELS linescan and mapping of BFCO 1/3 revealed that the B-site cations, i.e., Fe 

and Cr, are present predominantly in the dark band between Bi-double layers. Only a 

small amount of Fe and Cr is present within the Bi-double layer. This compositional 

distribution is in agreement with the simulated atomic projection using a modified 
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RP model. 

Despite the agreement between the HAADF images and EELS maps with the simu­

lated atomic projection, the simulated SAEDPs were not fully in agreement with the 

experimental ones. In order to refine the unit cell as well as atomic position of BFCO 

1/3, further investigation requires samples at different orientations, which were not 

available during the study period. Pending the availability of samples in the future, 

the determination of atomic position in the BFCO 1/3 unit cell is definitely crucial for 

better fundamental understanding of BFCO 1/3. Another unit cell model that may be 

used as a starting point for determination of the BFCO 1/3 unit cell is the Aurivillius 

type with alternating Bi202 fluorite-like layer and Bin-1(Fe/Cr)n03n+1 perovskite-like 

layer with n=l. 

The investigation of the BLT samples aimed to pinpoint the exact location of La 

dopant atoms in the BiT unit cell in order to contribute to the understanding of the 

mechanism of good fatigue resistance of BLT thin films in comparison to BiT. The 

EELS experiments revealed the exact position of La ions in the BiT parent unit cell 

that is pre-dominantly in the top part of the Bi20 2 layer, instead of in the perovskite­

like layers as has been reported in the literature. The dominant La substitution in 

the Bi20 2 layer indicates that the anisotropic bonding of Bi-0 in the perovskite layers 

is maintained and therefore similar to that in BiT. The preservation of the degree of 

octahedral tilt in BLT as that in BiT is responsible for its relatively large remanent 

polarization. The evidence of octahedral tilt in BLT was visually captured in probe­

corrected HAADF images. In addition, La ions also concentrated at the defected area 

where a translational shift between adjacent unit cells occurs. This indicates that 

there seems to be a significant relationship between the presence of La ions and the 

formation of the translational defects, especially since such defects are only observed 

in BLT but not in BiT. 

The HAADF images showed the presence of out-of-phase boundaries (OPBs) in BLT, 

which could be responsible for the fatigue-free behaviour during polarization reversals 

of up to 1010 cycles. According to the argument proposed by Ding et al. (2001) on the 

anti-phase boundaries (APBs), which is basically OPBs with a translational shift of 

l/2 the unit cell parameter, the impact of OPBs on the fatigue resistance of BLT can 

be explained. The OPBs provide extra nucleation sites for ferroelectric domains, so 
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that during polarization reversals, ferroelectric domain nucleation can occur not only 

at the film-electrode interface, but also at the OPBs. Even though the accumulation 

of oxygen vacancies occurs at the film-electrode interface, domain reversals can still 

proceed at the OPBs, and therefore gives a fatigue-free characteristic of the BLT 

compared to BiT. 

The HAADF images acquired at the interface of BLT and SRO revealed that the 

generation of OPBs is mainly influenced by (i) the surface roughness and the surface 

termination of the substrate, (ii) the first atomic layer deposited on the substrate, and 

(iii) the dislocations due to lattice misfit between the film and the substrate. When 

the SRO buffer layer is SrO-terminated, the successive layer is likely to be Ti02 

and followed by a defect-free unit cell configuration. However, for Ru02-terminated 

substrate, both the BiO layer and the LaO layer are likely to be the successive layer. 

The following configuration of unit cells after the BiO layer will be defect-free, yet 

those after the LaO layer will be defected. However, the mechanism on how the defect­

free and the defected regions are formed based on the first deposited atomic layer is 

still an open question. In the future, elemental EELS mapping across the BLT /SRO 

interface will be able to determine the exact surface termination, and therefore explain 

the exact mechanism of the formation of the defect-free and defected regions in BLT 

films. The dislocations present at the interface due to lattice misfit also perturb 

the coherent configuration, resulting in different unit cell configurations between the 

adjacent regions. 

Some future works regarding this study are as follows: 

1. Investigating the plan view TEM sample of BFCO 1/3 films on (111)-oriented 

substrate to confirm variation of unit cell directions in the in-plane direction 

and to identify the type of twinning present in the films. In addition, the plan 

view TEM sample helps to provide more information about the atomic positions 

of the BFCO 1/3 unit cells. 

2. Determination of the atomic positions of the modified RP unit cell by perfoming 

XRD and EELS experiments, provided that more samples of BFCO 1/3 films 

with different orientations are available. As an alternative to the modified RP 

unit cell, the Aurivillius unit cell Bin-l (Fe/Cr )n03n+l with n=l may be a possible 
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unit cell structure of BFCO 1/3. 

3. Determination of the first atomic layer of BLT films deposited on SRO sub­

strate by performing EELS experiments at the film-substrate interface. This 

information will give insights on the mechanism of formation of both defected 

and defect-free regions in the BLT films and confirm the hypothesis on the effect 

of substrate terminations on structural growth of the BLT films. 

The advances in TEM field by integration of aberration correctors and monochro­

mators have made the simultaneous acquisition of high spatial resolution imaging 

and spectroscopy possible. The high spatial resolution in both HRTEM and HAADF 

imaging provides information at the atomic level, which contributes further towards 

better understanding of the chemistry at interfaces, the formation of defects, the 

growth mechanisms and properties of a wide-range of materials, especially in complex 

structures. The capability of atomic resolution EELS mapping is advantageous in 

the field of materials research in understanding the local composition and bonding 

environments of specific elements in various compounds. In addition, the simulta­

neous collection of high-angle scattering signals with an HAADF detector and the 

EELS signal provides a direct correlation between the spectrocopic information and 

the specific location in the sample. 
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Appendix A 

Titan Ray Diagrams in TEM/STEM 

Modes 

TEM and STEM operating modes have similarities in terms of the ray diagrams 

through the reciprocity principle (Zeitler and Thomson, 1970). The ray diagrams 

pertaining to TEM and STEM operations in Titan 80-300 are displayed in Figure 

A.l(a) and (b), respectively. The interchange between these two modes can be per­

formed in simple and easy way, provided that the correct alignment files are available. 

A major difference between the two modes lies in the strength of the C3 condenser 

lens and the mini condenser lens. In TEM mode, usually the mini condenser lens is 

ON, and the microscope operates in microprobe mode. In contrast, in STEM mode, 

the mini condenser lens is OFF; the microscope operates in the nanoprobe mode. 

After loading the right alignment file, only a little fine tuning of the pivot points 

and rotation center is needed to achieve near optimal alignment for atomic resolution 

imaging. 

The major difference in terms of optics between a Titan 80-300 and conventional 

TEM lies in the condenser system, namely the presence of the C3 condenser lens. 

The C3 condenser lens enables the C2-C3 zoom capability of illuminated area (or 

beam diameter) while maintaining parallel illumination in TEM mode and of beam 

convergence in STEM mode. The zoom system is represented in Figure A.2, where 

an image in between the two lenses can be moved up and down without changing the 
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Figure A.l: The two basic settings of (a) TEM (parallel illumination) and (b) STEM 
(probe illumination). The locations of lenses, aperture and specimen are indicated 
by the arrows on the side, where Cl, C2, C3 and MC are first condenser, second 
condenser, third condenser and mini condenser lens, respectively. (from FEI-Titan 
manual) 
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Figure A.2: The C2-C3 system zooming system in a Titan 30-800 TEM (from FEI­
Titan manual). 

position of the image in front of the first lens or that of the image after the second 

lens. Such features were not available in any conventional TEM. 

In TEM mode, however , the C3 lens can be easily switched off when the C2-C3 

zoom system is misaligned. Figures A.3 (a) to (c) display the ray diagrams where 

C3-lens was off, similar to the conventional TEM system, showing the beam changes 

from converging to parallel and finally to diverging, as the strength of the C2 lens is 

decreased. Despite the unused C3 condenser lens in TEM mode, the image resolution 

achieved was still much better than that achieved by conventional TEM due to the 

presence of an image corrector that compensates for the spherical aberration coefficient 

of objective lens. 
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Figure A.3: Ray diagrams of Titan operation in TEM mode with the C3 lens 'OFF', 
where the electron beam changes from converging (a) to parallel (b) and to diverg­
ing ( c) with increasing area of illumination. The locations of lenses, aperture and 
specimen are indicated by the arrows on the side. (from FEI-Titan manual) 
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Appendix B 

List of Software 

• GATAN Digital Micrograph™ v. 1.6.0 for acquiring and processing of TEM 

images and spectra. 

• JEMS (Java Electron Microscopy Software) v. 2.0819w2005 by P. Stadelmann 

for calculating Contrast Transfer Function, simulating Selected Area Diffraction 

Pattern (SADP), Convergent Beam Electron Diffraction Pattern (CBEDP), and 

phase contrast/ high resolution TEM (HRTEM) images. 

• CrystalKitX v. 1.9.3 for constructing unit cell structures and interfaces. 

• MacTempasX v. 2.2.6 for HRTEM and ADF STEM image simulation. 

• Michael Robertson's Multislice code based on Kirkland's code (Kirkland, 1998) 

for HRTEM and ADF image simulation with flexibility to vary the angular 

detector range and to perform faster calculations with multiple CPUs. The 

sequence for running the simulation is schematically displayed in Figure B.1. 

(Email contact: michael.robertson@acadiau.ca) 
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Legend: 
Input Files 
Directory 

input.xyz. 

Cartesian 
cartesian.exe (/ catesian) 

Command to Run (Linux) 
Output Files 

hrem.xyz haadf.xyz jmoLxyz 

• 
• 
"'' 
• 

/ 
hrem.xyz 

HREM Multislice Simulation 
h rem .c:xe (. lhr em) 

run_summary.txt image diffraction (tif&eps) 

., • . , • • ., ., ., ., • • .,, ., •• ., 
•' • 

l\ttda cha•r­
Sa,,.., input ancl 
;xo.;ram flits ufoc 
I S'in :l: tpr~mor . 

cr.11JU!_dUJll!UC<U 
tltl 

OU !pUt .Xml. Clt t 

haadf.xyz 
ADF Multislice Simulation - -

haadf.exe (jhaadf) 
run_summay.t:\.1 radial_intensity.txt 

output_dimensions.txt output .x.nn.txt 

ADF _TIFF _Image_Multiple_Processor 
ADFimage.exe (JADFimage) 

mrad_nn_nn .tif 

jmol.xyz 

JMOL 
jmoLbat 

output_image_file 

haadf.xyz 
CBED 

cbcd.c:xe (. cbed) 
cbcd.tif 

radial_intensity.txt 

ADF _TIFF _Irmge_Single_Processor 
ADFunagc.exe (JADFimage) 

mrad_nn_nn .tif 

Figure B.1: The step-by-step schematic for running Michael Robertson 's codes (from: 
CCEM Summer School 2008). 
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