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TiO2-B and Ca:TiO2-B (CaTi5O11) films grown 

on  SrTiO3 

 

Sung Joo Kim,a Kui Zhang,a Michael B. Katz,a Baihai Li,a George W. 
Graham,a and Xiaoqing Pan*b 

The bronze polymorph of titanium dioxide, TiO2-B, characterized by a crystal structure with 

relatively open layered geometry, is a material of interest for various energy applications, 

including photovoltaics, catalysts, and high-rate energy storage devices. The related phase, 

CaTi5O11, which serves as an effective template layer, when deposited on (100) SrTiO3, for the 

growth of high quality single crystalline films of TiO2-B, is also of interest for such applications. In 

both materials, a detailed understanding of film growth and defect structure is deemed critical to 

the successful realization of these applications in thin film devices. Thus, using results obtained 

with aberration-corrected transmission electron microscopy, we present an analysis of defect and 

interfacial structure in CaTi5O11 films grown on (100) and (110) SrTiO3 substrates, as well as in 

the TiO2-B film grown on (001) CaTi5O11.  

 

1. Introduction 

Metal oxide thin films have attracted massive research interest, 
since intriguing chemistry from electron-electron interaction 
gives rise to unique properties that determine material 
functionality. Specifically, transition metal oxides with strongly 
correlated d-orbital electrons are under active scrutiny for 
piezoelectric1, photovoltaic2, and electrochemical applications3. 
Recently, there has been tremendous interest in the bronze 
polymorph of TiO2 (here designated TiO2-B) due to its 
intriguing structure, which is composed of edge- and corner-
sharing TiO6 octahedra.4-6 Compared to other polymorphs, such 
as anatase and rutile, bronze has the lowest density due to large, 
open channels suitable for diffusion of ionic species. This 
unique characteristic has triggered extensive study of various 
properties of TiO2-B including electronic, vibrational 
properties7, structural stability8, water adsorption9, and lithium 
ion transport4-5,10-13. Films of TiO2-B have many possible 
applications, including dye-sensitized solar cells (DSSCs)14-15 
and Li ion batteries. TiO2-B can potentially be used as a dye-
absorbent for DSSCs because of its exceptional surface 
reactivity, comparable to that of commonly used anatase (here 
designated TiO2-A)16-17. It has been reported that the (100) facet 
of TiO2-B is less surface stable but more reactive to a dye 
molecule than most facets of anatase. TiO2-B may also be used 

as an anode material in Li ion batteries4-5,18-19. Open (001) plane 
channels in TiO2-B aligned parallel to [010] act as sub-surfaces 
for fast Li ion transport, hence, enhancing battery charging 
rate20.  
Although crystallographic orientation plays a critical role in 
device functionality, it is difficult to control the growth of 
TiO2-B films due to lack of a lattice-matching substrate that can 
guarantee high crystallinity of the film. The use of a template 
layer has proven successful for single crystalline film growth of 
materials with low symmetry, especially when such a layer 
partially satisfies an epitaxial relationship with both film and 
substrate.21-22 For a material of lower symmetry, like 
monoclinic TiO2-B, choices for the template layer are limited 
by availability of crystal types similar to that of TiO2-B that 
also have a small lattice mismatch with a substrate. We have 
identified such a template layer, however, and have succeeded 
in growing it on SrTiO3 (STO) substrates using pulsed-laser 
deposition (PLD).13,23 The template phase, a Ca modification to 
the TiO2-B structure (here referred to as Ca:TiO2-B) with the 
formula CaTi5O11, is composed of a Ca bonded TiOx layer 
intercalated in between left c-oriented and right c-oriented 
TiO2-B layers.13 By using high-resolution transmission electron 
microscopy (HRTEM), we have examined both the c-axis 
growth and off-c-axis growth (tilted 45° to the substrate 
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normal) of Ca:TiO2-B, respectively, on (100) and (110) STO 
substrates. Interestingly, we have found that these films may 
also serve as an anode material for a Li ion battery that exhibits 
high capacity and significantly enhanced rate capability.13 More 
to the point, (001) Ca:TiO2-B provides a suitable template layer 
for c-axis growth of high quality TiO2-B films.  
In addition to its value for optimizing film growth of the 
Ca:TiO2-B phase (and the TiO2-B phase deposited on top) 
along different orientations, the careful study of interfacial 
structures and various types of defects within the film is 
important since defects can potentially influence device 
characteristics. Hence, in the present work, using aberration-
corrected scanning transmission electron microscopy (STEM), 
we perform a detailed study of three sets of films and discuss 
two main aspects: 1) interfacial structure and defects associated 
with the growth of Ca:TiO2-B films on (100) and (110) STO 
substrates, and 2) defect structure associated with subsequent 
growth of a (001) TiO2-B film on (001) Ca:TiO2-B.  

2. Experimental 

2.1 Synthesis of Ca:TiO2-B (CaTi5O11) and TiO2-B thin films  

The CaTi4O9 target used to grow Ca:TiO2-B thin films was 
fabricated by mixing 80 % TiO2 and 20 % CaO powders, 
sintering at 1400 ºC, and pressing a pellet under force 
equivalent to 10,000 lb (or 4535 kg). The TiO2 target used to 
grow TiO2-B thin films was made from pure TiO2 powder in 
like manner. The vacuum chamber for PLD has a base pressure 
of <10-7 Torr. A 248 nm KrF excimer laser with a pulse 
duration of 22 ns and a fluence of ~3.4 Jcm-2 was used for the 
film deposition at a repetition rate of 10 Hz. The target-to-
substrate distance was set to 6.35 cm. All thin film deposition 
was done at 800 ºC in an oxygen ambient of 0.05 Torr with a 
deposition rate of 0.01-0.02 Å/pulse. The deposited film 
thickness was in the range of 5-200 nm, which was measured 
by a Veeco Dektak profilometer and confirmed with TEM. 
Additional details regarding the PLD growth of these films may 
be found in Ref. 23.   

2.2 Structural characterization of thin films  

All high-angle annular dark field (HAADF) images were taken 
using a spherical aberration-corrected STEM (JEM JEOL-
2100F), operated at 200 kV. Cross-sectional TEM specimens 
were prepared via mechanical polishing and ion-milling under 
Ar gas at 4 kV. 
 

3. Results 

3.1 Overview of films grown on (100) and (110) STO substrates 

Films of Ca:TiO2-B were deposited by PLD on both (100) and 
(110) STO substrates at 800 °C using a PLD target composed 
of CaTi4O9. A film of the regular TiO2-B was subsequently 
deposited by PLD on the Ca:TiO2-B film on the (100) STO 
substrate at 800 °C using a PLD target composed of pure TiO2. 

As shown schematically in Fig. 1a and 1b, growth of Ca:TiO2-
B is highly dependent on the STO orientation. Whereas growth 
on (100) yields a smooth, epitaxial film that provides a good 
template for subsequent growth of TiO2-B (Fig. s1, see 
Supporting Information), growth on (110) initially results in a 
mixture of CaTiO3 (here designated as CTO) and TiO2-B at the 
interface, yielding a film with many more defects and a rough 
surface that does not support the subsequent growth of a high 
quality TiO2-B film. These features are illustrated by the STEM 
images shown in Fig. 1c and 1d. Detailed differences and 
thorough analyses of interface and film structures are discussed 
below.  
 

 
Fig. 1 Schematics and corresponding high-resolution STEM images of films grown 

on (a,c) (100) and (b,d)  (110) STO  substrates.  Scale bars are 10 nm.  

3.2 Interfacial structure and defects in a Ca:TiO2-B film grown 

on (100) STO 

For the c-axis growth of a Ca:TiO2-B film, the titania 
polymorph that prefers to grow, TiO2-A, competes with 
Ca:TiO2-B to form an epitaxial interface with (100) STO. For 
Ca:TiO2-B, since both in-plane a and b cell parameters are 
almost integer multiples of the lattice parameter of STO, the 
film can have either a (100) plane or a (010) plane oriented 
parallel to the STO surface. TiO2-A, despite similar lattice 
mismatch (~3 %), exhibits a better epitaxial relationship with 
STO because the square-shaped arrangement of Ti atoms within 
its c-plane provides a cube-on-cube relationship with the 
similarly configured TiOx termination of STO.24 This 
characteristic naturally drives the growth of the TiO2-A on this 
substrate over a wide temperature range, 600-900 °C. Hence, 
along either the [100] or [010] direction, we observed the three 
differently configured interfaces between the film and STO: 
(100)Ca:TiO2-B||(100)STO, (010)Ca:TiO2-B||(100)STO, and 
(100)TiO2-A||(100)STO. Fig. 2 shows high-resolution STEM 
images of these three possible interfaces between the film and 
(100) STO. STO substrates in all three cases are atomically 
rough, in that there are several nm-wide steps with various 
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heights, also known as surface-step terraces (SSTs), which 
contribute to misfit strain with the epitaxial film.25-26  

 
Fig. 2 High-resolution STEM images of interfaces between STO and (a,b) Ca:TiO2-

B and (c) TiO2-A resulting from growth of a Ca:TiO2-B film on (100) STO. A and B 

denote left and right c-orientation of a TiOx stack. Scale bars are 5 nm. Ti and O 

atoms are represented with blue and red, respectively. 

Although this is expected to generate vertical mismatch gaps at 
opposite ends of the SSTs due to incomplete accommodation of 
full unit cell stacking (Fig. s2), the gaps were nevertheless filled 
by an additional vertical atomic plane during growth leading to 
local atomic rearrangement near the interface between the film 
and the substrate. This, in turn, would generate an elastic strain 
field near the interface, which affects the local atomic 
configuration of the Ca:TiO2-B (and TiO2-A) layer during 
continued growth. When comparing the three different 
interfaces, we observed that a Ca:TiO2-B layer does not 
accommodate SSTs of more than one-half unit cell high (Fig. 
2a and 2b) whereas a TiO2-A layer accommodates SSTs as high 
as two unit cells, as shown in Fig. 2c. In addition to the cube-
on-cube in-plane symmetry it shares with STO, TiO2-A also has 
good vertical matching with STO, corresponding to 4 %. This is 
what enables TiO2-A to tolerate SSTs of any width and height. 
On the other hand, Ca:TiO2-B has a- and b-axis atomic 
configurations that are both different and have a larger vertical 
mismatch with STO. To tolerate even one-half unit cell surface 
roughness, as shown in Fig. 2a, Ca:TiO2-B needs to undergo 
local atomic ordering near the interface with STO. The first 
TiOx stack that is left c-oriented (here denoted as A) suddenly 
changes its stacking orientation to the right c-orientation (here 
denoted as B) along the same plane at the one-half unit cell SST 
(indicated with a line on either side of the arrow in Fig. 2a). 
This is due to the discontinuation of a Ca-modified TiOx layer 
at the SST in order to accommodate the vertical lattice 
mismatch generated by this step.  

 
Fig. 3 High-resolution STEM images of interphase boundaries between TiO2-A 

and Ca:TiO2-B along (a) [010] zone axis (ZA:010) and (b) [100] axis (ZA:100). (c,d) 

High-resolution STEM images of interphase boundaries formed via Ca:TiO2-B 

intergrowth from TiO2-A. Scale bars are 5 nm.     

Another prominent defect in the Ca:TiO2-B film grown on 
(100) STO is the interphase boundary between Ca:TiO2-B and 
TiO2-A. Two of the major types of interface observed are 
(100)Ca:TiO2-B||(100)TiO2-A (Fig. 3a) and (010)Ca:TiO2-
B||(100)TiO2-A (Fig. 3b). The first has a boundary complexion 
that is rough but relatively sharp compared to the second, which 
has smooth and diffuse boundary complexion because the (100) 
planar surface of Ca:TiO2-B is jagged due to repeated A- and 
B-orientation TiOx stacking. Hence, despite the similar lattice 
mismatch in the two boundaries, the different planar surface 
morphology induces differently shaped interphase boundaries. 
A third type of interphase boundary, (100)Ca:TiO2-
B||(010)Ca:TiO2-B (Fig. 3d), has a complexion much more 
diffuse than that of (010)Ca:TiO2-B||(100) TiO2-A, with a width 
of 5-10 nm.  
In addition to the vertical interphase boundaries, horizontal 
interphase boundaries were also observed in the Ca:TiO2-B 
film. These were formed when Ca:TiO2-B was deposited on top 
of an existing TiO2-A grain. For a non-flat TiO2-A base, two 
Ca:TiO2-B grains with two different in-plane matching 
relationships with (001) TiO2-A were observed. As illustrated 
in Fig. 3c and 3d, for (100)Ca:TiO2-B||(100)TiO2-A, the 
boundary is sharp, as opposed to (010)Ca:TiO2-B||(100)TiO2-A, 
where the boundary is diffuse over a wide extent along the c-
axis. Other minor defects that were observed, such as tiny 
grains buried inside a much larger grain along the film interface 
with STO, similar to a Ca:TiO2-B grain buried inside a TiO2-A 
grain, are illustrated in Fig. 3d. These buried grains were 
identified in cross-sectional STEM as a lattice overlap between 
the small and larger grains of different phases.  
 

3.3 Interfacial structure and defects in a Ca:TiO2-B film grown 

on (110) STO  

Distinct from the direct epitaxial growth on (100) STO, the 
growth of Ca:TiO2-B films on (110) STO initially involves 
phase separation of Ca:TiO2-B into two different phases, TiO2-
B and pseudo-cubic CTO before a continuous layer of Ca:TiO2-
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B starts to grow.  Hence, this growth is quite unique since the 
film templates itself with these secondary phases. Although 
there has been a number of studies on the separate growth of an 
ultra-thin template layer of a certain phase for the successive 
deposition of a film of the same phase27-28, there has not yet 
been any study on the naturally driven growth of a secondary 
phase, acting as a  template for the growth of the main phase. 
As illustrated by the schematic (Fig. s3a) and STEM images 
(Fig. s3b and c), from each {100} facet of the triangular CTO 
islands on (110) STO, the growth of TiO2-B noticeably 
occurred along both in-plane and out-of-plane directions, 
forming grain boundaries with each other and interphase 
boundaries with neighboring naturally grown TiO2-A grains 
(Fig. s3b and s3c). The volume proportion of TiO2-A 
occupying the film grown on a (110) substrate is approximately 
10-15 %, larger than that for the film grown on a (100) 
substrate (5-10 %).  

 
Fig. 4 The growth of Ca:TiO2-B on (110) STO begins with Ca ion migration and 

formation of discrete layers of (1) CaTiO3 and (2) TiO2-B which then acts as a 

template layer for deposition of (3) Ca:TiO2-b as shown in (a) high-resolution 

STEM images and (b) atomic model schematic: (1) CaTiO3 and (2)TiO2-B are 

formed by phase separation via Ca flow. Scale bar is 5 nm.  

The STEM image in Fig. 4a and schematic in Fig. 4b illustrate 
the possible steps involved in Ca:TiO2-B growth on (110) STO. 
The growth sequence of the layers on (110) STO may be: (1) 
CTO + (2) TiO2-B → (3) Ca:TiO2-B, which is different from 
that on (100) STO, where Ca:TiO2-B acts as a template layer 
for TiO2-B growth. Based on high-resolution images, it seems 
possible that phase separation occurred via some combination 
of Ca and Ti atom migration, allowing epitaxially more 
favorable formation of the CTO structure directly on (110) 
STO. Since (110) STO apparently does not support the direct 
growth of Ca:TiO2-B, which prefers to grow on (100), it is 
likely that (100) CTO induced the TiO2-B grains to form along 
its [100] direction (Fig. s4). Once a TiO2-B layer was well 
established, single-crystalline CaTiO2-B was able to grow along 
the c-axis of a TiO2-B template layer, essentially reversing the 
process that occurs on (100) STO. 
As mentioned above, due to the nature of its growth, this film 
contains many grain boundaries between the two differently 
oriented Ca:TiO2-B grains and interphase boundaries formed 
between the tilted grains of TiO2-B, Ca:TiO2-B, and TiO2-A 
phases. This type of tilt boundary contains both ordered and 

disordered complexions, marked with a rectangle and a circle, 
respectively in Fig. 5a. In the ordered region, a local, periodic 
atomic arrangement is present where (001) planes of alternating 
TiOx layers in a Ca:TiO2-B grain are coherently bonded to 
(100) planes of the adjacent TiO2-A grain. The red dots in Fig. 
5a mark possible bonding sites for the Ti atoms from the two 
grains. While the ordered complexion is atomically sharp, the 
disordered complexion is rough, with random thickness; hence, 
the interphase boundary between Ca:TiO2-B and TiO2-A is also 
metastable. On the other hand, grain boundaries between 
Ca:TiO2-B grains, which are more commonly found throughout 
the film, do not exhibit any epitaxial relation between the 
grains, having simply been formed via 45° inter-penetration of 
adjacent grains growing towards each other along their a-axes 
(Fig. 5b).  

 
Fig. 5 High-resolution STEM images showing (a) an interphase boundary between 

the Ca:TiO2-B and TiO2-A grains and (b) a grain boundary between the two 

abutting Ca:TiO2-B grains tilted 45
o
 towards each other. A rectangle and a circle 

in (a) show locally ordered and disordered regions within the boundary. Scale 

bars are 5 nm.  

Since the growth of TiO2-B films happened on facets of small 
CTO islands, the interfacial strain between their (100) planes is 
not significant enough to induce much misfit relaxation, even if 
the lattice mismatch (calculated for diagonal mismatch) 
between pseudo-cubic CTO and TiO2-B is close to 6 %. 
Nevertheless, a few of the larger sized TiO2-B grains possess 
several types of c-plane stacking defects. A good example is 
shown in Fig. 6a and represented schematically in Fig. 6e, 
where a few Ca-modified layers are intercalated within a TiO2-
B grain, possibly due to incomplete phase separation between 
TiO2-B and CTO, making a layer of Ca:TiO2-B. In the same 
region, we also observed the sudden change in orientation of 
TiOx stacking (indicated with arrows in Fig. 6c). We speculate 
that this could indicate that there are missing c-planes of Ca-
modified layers at those regions, and this could have resulted 
again from incomplete phase separation between TiO2-B and 
CTO. This possibility is reasonable since this defect feature, 
shown in a-direction growth of Ca:TiO2-B, is somewhat 
different from the case of c-growth of Ca:TiO2-B on (100) 
STO, where TiOx layer stacking is unidirectional unless a Ca-
modified TiOx layer is present. However, despite these planar 
defects, since the growth of either a pure or an intermixed TiO2-
B layer happened along the a-direction from CTO, any planar 
defects associated with this growth do not affect the Ca:TiO2-B 
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growth that happens from a c-plane of TiO2-B, so that defect-
free single-crystalline grains could be grown, as shown in 
region 3 in Figure 6b. 

3.4 Interfacial structure and defects in a TiO2-B film grown on 

(001) Ca:TiO2-B  

Two main types of defects are present in a TiO2-B thin film 
grown on a (001) Ca:TiO2-B template, out-of-phase boundaries 
(OPBs) generated within a TiO2-B layer and interphase 
boundaries that are formed between TiO2-B and TiO2-A grains. 
OPBs are stacking defects induced by off-stoichiometry, or 
local deficiencies (e.g., missing rows of atoms) within a given 
layer or from an underlying layer. These are distinct from 
stacking faults that usually involve syntactic intergrowth of a 
differently configured layer of the same atomic type.29 Using 
aberration-corrected atomic scale microscopy, we confirm that 
the local atomic misregistry within a Ca:TiO2-B template layer 

 
Fig. 7 (a,b) High-resolution STEM images of defects at the interface between 

TiO2-B and Ca:TiO2-B that generate the two adjacent TiO2-B grains oriented 

opposite direction and (c,d) schematics of TiO2-B and Ca:TiO2-B interface without 

and with presence of Ca-modified layer indicated with the yellow arrow. Scale 

bars are 5nm.      

is the origin of OPBs in the TiO2-B layer. As illustrated in Fig. 
7 and 8, a locally missing Ca-modified TiOx layer in Ca:TiO2-B 
stacking ultimately generates a c-axis offset equivalent of 0.42c 
(where c is the c-axis lattice constant of TiO2-B) for a TiO2-B 
film deposited on top. In addition to a c-axis offset, local 
deficiency of Ca atoms also affects the orientation of a TiO2-B 
layer nucleated above, as shown schematically in Fig. 7c and 
7d. This is due to the unique stacking sequence of Ca:TiO2-B 
that has a Ca-modified TiOx layer changing the orientation of a 
TiOx-only layer, for example, from A- to B-orientation and vice 
versa. Hence, the missing row of a Ca-modified TiOx in 
Ca:TiO2-B ultimately determines the orientation of two 
abutting TiO2-B layers with respect to the phase boundary 
during TiO2-B growth. When the deficiency happens at the 
surface of a Ca:TiO2-B layer, the resulting two abutting TiO2-B 
grains will face in and out from each other (Fig. 7a and 7b). 
However, when the missing Ca layer is in the middle of a 
CaTiO2-B layer, a single (Fig. 8a)  

 
Fig. 8 (a,c) High-resolution STEM images of defects at the interface between 

TiO2-B and Ca:TiO2-B with missing Ca-modified layer that generate the two 

adjacent TiO2-B grains oriented same direction. (b,d) Schematics of periodic 

boundary formed between the two adjacent grains from the regions marked 

with red in 3a and c. Sites with atoms marked with both gold and blue represent 

Fig. 6 (a) An example of an intermixed 2: TiO2-B variant template layer due to intercalated calcium layers and its schematics (e). It is different from the perfect 

template layer as illustrated in Figure 5 and also as a schematics in (d) (b,c) High-resolution STEM images of layer 3 and 2, respectively. Scale bars are 5nm. 
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possible occupancy sites for Ti atoms from either Grain 1 or Grain 2. Scale bars 

are 5nm. 

or multi unit-cell surface step (Fig. 8c) is generated at the 
interface with a TiO2-B layer and may result in TiO2-B grains 
oriented in the same direction. Depending on the relative 
orientations of the two adjacent grains, the nature and 
orientation of OPBs can be different. When the two grains are 
oriented towards or away from each other, OPBs only have 
short-range or no periodicity (Fig. 7a and 7b). However, as in 
many cubic systems30-31, when the relative orientation of the 
two grains is along the same axis, OPBs have long-range 
crystallographic periodicity (Fig. 8). From the interface 
between Ca:TiO2-B and TiO2-B, a few mono-layers are needed 
for the boundary between the two TiO2-B grains to become 
atomically ordered. Fig. 8 illustrates different examples of long-
range atomic ordering achieved between two TiO2-B grains 
oriented along the same direction. The periodic crystallographic 
patterns are presented with dotted lines. In both cases, there are 
possible sites for Ti atoms from the two abutting grains (here, 
labeled as Grain 1 and Grain 2 in the schematic representations 
in Fig. 8b and 8d) to share and form bonds. The atoms 
occupying these sites are presented with the two colors 
representative of Grain 1 and Grain 2. Even atoms that are 
displaced out from their original positions (Fig. 8c) that do not 
seem to belong to either of the two abutting grains (area marked 
with red in Fig. 8d) still have periodicity along the boundary. 
Another example is Ca:TiO2-B grains having two missing Ca-
modified layers near the interface between TiO2-B and 
Ca:TiO2-B with a multi unit-cell surface step (Fig. s5a). An 
OPB generated in between the two grains oriented in the same 
direction also has periodic crystallographic patterns again with 
possible sites for Ti atoms from either a left or right-side grain 
to occupy. (Fig. s5b) 
The local misregistry of atomic stacking within a Ca:TiO2-B 
layer can be attributed to the SSTs from the STO substrate, 
forming an interface with the Ca:TiO2-B template layer. The 
interfacial strain between STO and Ca:TiO2-B comes not only 
from the difference in their in-plane lattice parameters but also 
from the imperfect vertical matching between unit cells of the 
film and the termination surface of the substrate. Another 
possible way to understand the local misregistry in Ca:TiO2-B 
is by considering growth characteristics of a thin film. The 
controlled growth of a thin film (e.g., via PLD) is highly uni-
directional and performed under lower temperature conditions 
than bulk synthesis. Because lower temperature possibly 
hinders surface diffusion and structural rearrangement of Ca 
atoms, stacking defects are generated.   
The second distinct defect in a TiO2-B film is interphase 
boundaries between anatase and bronze polymorphs of TiO2 
that were formed during growth. In conjunction with templated 
growth of TiO2-B, some TiO2-A grains grew simultaneously 
and formed a boundary with neighboring TiO2-B and Ca:TiO2-
B, as shown in Fig. 9a and 9b. The boundary consists of 
disordered arrays and does not exhibit any epitaxial 
relationships; hence, complexions arising from this boundary 

are most likely metastable. Looking into details, the interphase 
boundary between TiO2-A and TiO2-B grains is very sharp and 
uniform, with the width fluctuation from abutting phases 
varying only by a unit cell, whereas the boundary between 
TiO2-A and Ca:TiO2-B grains is relatively more diffuse over a 
wider thickness range. This qualitatively indicates that the 
boundary between TiO2-A and Ca:TiO2-B grains is more 
chemically unstable than between TiO2-A and TiO2-B grains.   
Aside from these large interphase boundaries, as described 
above, there are small sized micro-grains of TiO2-A 
sandwiched between two TiO2-B grains, and these clearly have 
an epitaxial relationship with the neighboring TiO2-B grains, as 
shown in Fig. 9c. These are not stand-alone grains formed 
directly from the STO substrate but possibly formed as high 
temperature derivatives of bronze-type grains under topotactic 
reaction as has been reported in the literature,32 judging from 
their atomic configuration. The formation of TiO2-A grains 
most likely occurred via shearing of the two (-201) TiO2-B 
planes along the [102] direction by 0.42c. After the reaction, 
(103) planes of a newly formed TiO2-A grain is under epitaxy 
with TiO2-B planes, forming a periodic boundary as shown in 
Fig. 9d.  

 
Fig. 9 High-resolution STEM Images of (a,b) an interphase boundary between an 

anatase grain grown directly on (100) STO substrate independent from TiO2-B 

and Ca:TiO2-B and (c) an anatase micro-grain epitaxially formed between the two 

TiO2-B grains along with a (d) schematics of bonding between periodic boundary 

formed between anatase and TiO2-B grains. Scale bars are 5nm.  

4. Conclusions 

In summary, thin films of monoclinic TiO2-B and Ca:TiO2-B 
were grown on (100) and (110) cubic STO substrates in order 
to study the effect of substrate orientation on film morphology 
and the nature of defects present in the films. By employing 
aberration-corrected STEM, we have analyzed both interfacial 
structure at phase boundaries and identified a variety of 
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interesting defect structures. Although the growth of a Ca:TiO2-
B film on the (100) substrate is highly c-oriented, the growth on 
the (110) substrate is affected by phase separation induced 
formation of the secondary phase, cubic CaTiO3 that acts as a 
heterogeneous self-template for the crystallographically tilted 
growth of TiO2-B grains. For c-axis Ca:TiO2-B growth on a 
(100) substrate, SSTs at the STO surface induce local atomic 
ordering near the interface between Ca:TiO2-B and STO. 
However, for growth on a (110) substrate, a-direction growth of 
a TiO2-B layer separated from CTO induces only several planar 
stacking defects associated with a Ca-modified TiOx layer but 
does not affect Ca:TiO2-B deposited along the c-axis. For c-axis 
TiO2-B film growth on a (001) Ca:TiO2-B template, out-of-
phase boundaries are nucleated out of the plane with a missing 
Ca-modified TiOx layer. This understanding of film growth 
mechanism and defect formation should provide an important 
step toward successful fabrication of high-performance energy 
devices. 
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