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Ultrathin titanium and barium oxide films were grown on SrTiO3(001) substrate surfaces via Ti/Ba deposition
and oxidation. When Ti is deposited onto the SrTiO3(001) surface, it forms a series of SrTiO3 surface recon-
structions such as c(4 × 2),
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−R26:6∘, (6 × 2) and (9 × 2), which can be controlled by varying the

Ti concentration. Epitaxial anatase TiO2(001) islands with (1 × 3) and (1 × 5) reconstructions are formed
by further increasing the Ti deposition amount and post-annealing. The initial growth of BaO thin films
depends on the surface condition of the substrate. BaO nanoparticles form on reconstructed SrTiO3(001),
while a locally ordered c(4 × 4) BaO structure is observed on the disordered sample surface. Co-deposition of
Ba and Ti on SrTiO3(001) results in phase separation with the deposited Ba forming BaO nanoparticles and the
Ti contributing to Ti-rich SrTiO3 surface reconstructions. No formation of BaTiO3 is observed at the initial growth
stages between 0.3 monolayer (ML) and 1.8 MLs.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Interest in the growth of titanium and barium oxide thin films has
been stimulated by a variety of potential applications. For example,
TiO2 thin films have been used in catalysis [1–3], gas sensing [4–6]
and solar energy conversion [7–9], while BaO finds applications in-
cluding high current density cathodes [10–12], thermionic energy
converters [13] and optical devices [14–16]. The properties utilized
in these applications are partially determined by the film structure,
in which the substrate for the thin film growth plays an essential
role.

SrTiO3(001) surfaces serve as suitable substrates for the thin film
growth of anatase TiO2, BaO, and BaTiO3 if both oxides are grown simul-
taneously or as alternative layers. This is because of a small lattice
mismatch between the film and the substrate (3.1% for anatase TiO2

and SrTiO3, 0.3% with a 45° rotation of the BaO(001) surface with re-
spect to the SrTiO3(001) surface, and 2.3% for BaTiO3 and SrTiO3). De-
spite extensive interest in TiO2 [17–20], BaO [21–23] and BaTiO3

[24–26] thin film growth on SrTiO3(001) surfaces, very few studies
have been performed on the detailed initial growth stages of these
films on the SrTiO3 substrate. Especially, surface reconstructions
have recently been reported to play an important role in the growth
of perovskite oxides on SrTiO3(001) surfaces with epitaxial growth
achieved on the (2 × 1)-reconstructed substrate but not on the
c(6 × 2) reconstruction [27]. It is therefore important to study film
growth that takes SrTiO3 substrate structures into consideration,
since the substrate surface reconstructionmay have significant influ-
ence on the initial growth steps and hence the overall film quality.
. Castell).
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In this paper, we report a study where both reconstructed and
disordered SrTiO3(001) substrate surfaces are used for the early
growth stages of TiO2 and BaO thin films. The possibility of the for-
mation of BaTiO3 by either Ba deposition on a Ti-rich SrTiO3(001)
surface or Ba & Ti deposition is also explored. The surface structures
are characterized using low energy electron diffraction (LEED) and
scanning tunneling microscopy (STM) following each deposition
step. For the initial growth of TiO2 on SrTiO3(001), the deposited Ti
forms a series of Ti-rich SrTiO3(001) reconstructions. Increased Ti
coverage and/or post-annealing lead to the formation of epitaxial
anatase islands. The growth mode of BaO on SrTiO3(001) surfaces
is significantly affected by the substrate surface. Reconstructed
SrTiO3(001) surfaces result in the formation of BaO nanoparticles
whereas c(4 × 4) reconstructed BaO terraces are observed using a
disordered SrTiO3(001) substrate surface. No indication of BaTiO3 is
seen when both Ba and Ti are deposited on the substrate at the initial
growth stage. Instead, Ba forms BaO nanoparticles on the surface
while Ti contributes to Ti-rich SrTiO3(001) reconstructions such as
the c(4 × 2) reconstruction and surfaces decorated with ordered
nanostructures.

2. Experimental details

The experiments were carried out in a JEOL JSTM4500XT ultrahigh
vacuum (UHV) system, operating at a base pressure of 10−8 Pa.
Epi-polished (001) surfaces of SrTiO3 single crystals (PI-KEM Ltd.,
UK)were used as substrates for the thin film growth. To achieve electri-
cal conductivity and therefore suitability for STM imaging and LEED in-
vestigation, the samples were 0.5 wt.% Nb-doped. SrTiO3 samples were
sputtered and/or annealed in UHV to form suitable substrate surfaces
prior to metal deposition. Ti was deposited from an electron beam
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evaporator (Oxford Applied Research EGN4) using 99.99% pure Ti rods
(Johnson Matthey plc, UK), while Ba deposition was performed using
a getterwire (SAES Getters S.p.A.) installed in a dedicated Ba evaporator
built in the Institute of Physics and Physical Technologies at the Techni-
cal University of Clausthal. The films were oxidized with three oxygen
sources: residual gases in the chamber, the substrate, and purposeful
admission of gaseous oxygen. As the Ba and Ti sources are located in
separated chambers, they could not be deposited at the same time.
However, we refer to the process as ‘co-deposition’ if Ti is deposited
onto the sample surface immediately after Ba deposition prior to oxida-
tion. All STM images were taken from room temperature (RT) samples,
and the surface coveragewas estimated by comparing the Ti/Ba deposi-
tion amount on clean Au(111) surfaces under the same deposition
conditions.

3. Results

3.1. Early growth stages of epitaxial anatase TiO2 films on SrTiO3(001)

3.1.1. Surface structure evolution with increasing Ti coverage
Ti was deposited onto the SrTiO3(001) surface and oxidized by re-

sidual gases in the chamber and/or oxygen from the substrate. The
STM images in Fig. 1 show the evolution of surface structures with
increased Ti deposition. The substrate surface shown in Fig. 1a was
obtained by UHV annealing the SrTiO3(001) sample at 1050 °C for
30 min. The surface contains small ordered regions with bright spots
a) b)

d) e)

Fig. 1. Increasing amounts of Ti were deposited onto the reconstructed SrTiO3(001) surface hel
formation of equilibrium structures. (a) c(4 × 4) reconstructed SrTiO3(001) substrate surface w
(b) 0.10 ML: formation of small islands on the reconstructed SrTiO3(001) surface (Image size:
edges aligned with the [010] and [100] crystallographic directions of SrTiO3(001) (Image size:
SrTiO3(001) periodicity (Image size: 50 × 50 nm2, Vs = 0.86 V, It = 0.30 nA). (e) 1.00 ML: a
1.22 V, It = 0.20 nA). (f) 3.50 MLs: bright anatase islands on the SrTiO3(001) substrate (Image
ordered along the [110] and 110
h i

directions. Themeasured periodicity
(11.2 ± 0.4 Å) indicates a c(4 × 4) reconstruction. Decreasing the
imaging bias results in the observation of another structure, a
(2 × 2) reconstruction shown in Fig. 1 in the Supporting information
(SI). This is consistent with a previous study that the c(4 × 4)-
SrTiO3(001) reconstruction forms an adlayer on the (2 × 2) and
both structures can be probed on the same surface region when dif-
ferent sample biases are applied [28].

Fig. 1b shows an STM image taken after depositing 0.10 ML of Ti
onto the reconstructed SrTiO3(001) surface at 450 °C. The substrate
temperature was held at 450 °C for 30 min before and after the deposi-
tion procedure, allowing the formation of equilibrium structures. Small
islandswith a round shape start to form on the substrate surface follow-
ing the deposition. The islands aremeasured to be approx. 4 Å in height
and appear distributed evenly over the substrate surfacewith noprefer-
ence for nucleation at the step edges. The c(4 × 4) reconstruction of the
SrTiO3(001) substrate is still visible in the background. An increased Ti
deposition amount of 0.25 ML on a clean sample surface leads to the
formation of larger islands with straight edges aligned with the crystal
directions of the substrate (Fig. 1c). The measured height of the islands
remains approx. 4 Å.

An STM image of a sample surface following 0.50 ML of Ti deposition
is shown in Fig. 1d. It appears that the rectangular islands in Fig. 1c be-
come larger to form a maze structure with step edges aligned with the
[010] and [100] crystallographic directions of the substrate. The step
height (approx. 4 Å) remains unchanged. A row structure is seen on
c)

f)

d at 450 °C. The temperature was maintained prior to and after Ti deposition to allow the
ith patches of ordered bright spots (Image size: 50 × 50 nm2, Vs = 2.11 V, It = 0.20 nA).
60 × 60 nm2, Vs = 0.74 V, It = 0.05 nA). (c) 0.25 ML: larger rectangular islands with the
70 × 70 nm2, Vs = 1.28 V, It = 0.19 nA). (d) 0.50 ML: a maze structure with a c(4 × 2)
reas of the
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size: 100 × 100 nm2, Vs = 1.31 V, It = 0.10 nA).



a)

b)

Fig. 2. (a) STM image of the diline and triline structures, indicated by arrows ‘A’ and
‘B’, on an annealed SrTiO3 surface with 0.50 ML of Ti deposition (Image size:
47 × 47 nm2, Vs = 2.00 V, It = 0.20 nA). (b) STM image showing the appearance
of bright square islands surrounded by nanoline structures on a sample surface with
0.50 ML Ti deposition and post-annealed at 600 °C for 30 min (Image size: 46 × 46 nm2,
Vs = 1.10 V, It = 0.28 nA).
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the islands in Fig. 1d, while a rhombus-shaped structure is observed
under the same imaging conditions (SI, Fig. 2). This is probably due
to whether a metal atom or oxygen atom is at the tip apex as previ-
ously observed on the c(4 × 2)-reconstructed SrTiO3(001) surface
[29]. Given the large coverage of ordered structures, the surface can
also be examined using LEED, which confirms the c(4 × 2) recon-
struction (SI, Fig. 3). The reconstruction has previously only been ob-
served on sputtered and annealed SrTiO3 samples, and its formation
requires post-annealing in UHV at relatively high temperatures
(around 900 °C) [30–32]. The results obtained here demonstrate
that the same structure can be produced by a completely different
route with a much lower annealing temperature (450 °C).

Further increasing the Ti coverage to 1.00 ML leads to a surface
structure with irregular islands on the terraces as shown in Fig. 1e.
The step edges are wavy and do not align with the substrate crystal-
lographic directions. The surface is locally ordered and contains two
domains, exhibiting an angle of approx. 36° with each other and an
angle of approx. 27° with respect to the main crystal directions of the
substrate. The periodicity is measured as approx. 8.9 ± 0.2 Å, indicat-

ing a
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−R26:6∘ reconstruction, which is also confirmed by

LEED (SI, Fig. 4).
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ed on SrTiO3(001) surfaces following UHV annealing at high tempera-
tures (above 1000 °C) [33–37]. Two models have been proposed for
the structure, a Sr adatom model [35–37] and an O vacancy model

[33,34]. Observation of the Ti and O atoms in the
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unit cell using high resolution STM has been reported recently, which
challenges the Sr adatom model [38]. Our study also indicates that theffiffiffi
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−R26:6∘ reconstruction formed by Ti deposition is very un-

likely to contain a Sr adlayer because of the increased amount of Ti de-
posited compared with other Ti-rich SrTiO3(001) reconstructions.

Fig. 1f shows the surface following 3.50 MLs Ti deposition. Similar
to Fig. 1c, the image contains rectangular islands aligned with the
[010] and [100] directions. The island heights, however are much
larger than that of the islands in Fig. 1c (approx. 4 Å). They vary
from approx. 9.7 Å to 38.4 Å, which correspond to one to four unit
cell heights of anatase TiO2 (9.5 Å). Although the height measure-
ment of STM images may be slightly affected by electronic effects,
anatase has been found to grow on the SrTiO3(001) substrate in various
previous reports [19,20,39] as a result of the small lattice mismatch.
3.1.2. Post-annealing effect
Post-annealing facilitates the formation of the anatase islands

with relatively low Ti coverages. On a sample with 0.50 ML Ti depo-
sition (similar to that shown in Fig. 1d), nanolines start to form
surrounded by the SrTiO3(001)-c(4 × 2) reconstruction following
UHV annealing at 500 °C for 30 min. Arrows ‘A’ and ‘B’ in Fig. 2a indi-
cate a diline and a triline structure, respectively. A SrTiO3(001)-
(6 × 2) reconstruction has been determined for the diline [30] and
a (9 × 2) reconstruction for the triline [40]. Their chemical composi-
tion and atomic structures have also been investigated [32,41,42].
Again, these nanolines were previously only obtained on sputtered
SrTiO3(001) surfaces and were thought to evolve from the c(4 × 2) re-
construction with elevated annealing temperatures (950–1150 °C)
[40,43].

Further UHV annealing at 600 °C for 30 min produces bright
square islands on the nanoline- and c(4 × 2)-covered surface
(Fig. 2b). The structure of the bright islands could not be resolved
but the island height is measured as either approx. 4.8 Å or 9.6 Å,
corresponding to half or a single unit cell height of anatase TiO2.
Consequently, the islands are the first sign of epitaxial anatase
TiO2 similar to those observed on sputtered and annealed SrTiO3(001)
surfaces [43].
Depositing 3.50 MLs of Ti and annealing at 600 °C for 30 min
leads to a higher coverage of bright islands compared to the surface
with 0.50 ML of Ti (Fig. 2b) and a surface fully covered with elongat-
ed nanolines (Fig. 3a). Further annealing at 600 °C for 4 h allows the
observation of a row structure on the islands (Fig. 3b). The height of
the islands (9.5 ± 0.3 Å) corresponds to the length of the long edge
of the anatase TiO2 unit cell (9.5 Å), while it is measured as approx.
11.8 Å across the rows, approximately three times the short edge
of the anatase unit cell (3.8 Å). The alignment of the island edges
confirms the epitaxial relationship as TiO2(001) ||SrTiO3(001) and
TiO2[010] ||SrTiO3[010] [20].

Fig. 4 shows LEED patterns taken from the surface with different
electron beam energies. In Fig. 4a, multiple spots can be seen on the
axes between the integer ones, indicating a two-domained (5 × 1)
reconstruction. In the literature, several reconstructions on anatase
TiO2(001) surfaces including (3 × 1), (4 × 1), (5 × 1) and (6 × 1)
have been reported [43,44]. Based on combined STM and LEED data, it
is likely that multiple reconstructions coexist on the anatase islands,
among which the (3 × 1) structure is observed in the STM image
shown in Fig. 3b. The (5 × 1) reconstruction, however, appears to be
dominant on most of the surface and hence is detected by LEED.
Fig. 4b shows a mixture of the (5 × 1) pattern contributed by the ana-
tase islands and the c(4 × 2) reconstruction detected from the sub-
strate layer.



a)

b)

Fig. 3. (a) Depositing 3.50 MLs of Ti and post-annealing gives rise to a higher coverage of
bright islands on the nanoline-covered SrTiO3 surface. (Image size: 44 × 44 nm2, Vs =
0.85 V, It = 0.08 nA). (b) Longer annealing time allows the observation of a row structure
on the islands (Image size: 45 × 45 nm2, Vs = 0.83 V, It = 0.20 nA).

Fig. 4. LEED patterns of a sample surface with 3.50 MLs of Ti deposition, taken at electron
beam energies of 63 eV and 147 eV, showing the (5 × 1) reconstruction in (a), andmixed
(5 × 1) and c(4 × 2) reconstructions in (b).
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3.2. Initial growth stages of BaO on SrTiO3(001)

Ba depositionwas performed using both reconstructed and disor-
dered SrTiO3(001) surfaces as the substrate. For the former, the
SrTiO3 sample was Ar+ sputtered with an ion energy of 0.5 keV and
a flux of 86 μA/cm2, and annealed in UHV at 870 °C for 30 min. This
gives rise to a c(4 × 2)-reconstructed SrTiO3(001) surface similar
to that shown in Fig. 1d. The surface has Ti-rich terraces with their
edges aligned along the [010] and [100] directions of the substrate.

0.30 ML Ba deposition onto the substrate surface held at 300 °C
gives rise to bright islands which may correspond to BaO nanoparticles
on the c(4 × 2)-reconstructed SrTiO3(001) surface (Fig. 5a). On large-
scale images, not shown here, the step edges of the surface appear
wavy and are not strictly aligned with the main crystal directions. The
step edges, however, can be straightened by post-annealing in UHV at
600 °C for 2 h (Fig. 5b). Re-appearance of the wavy steps is observed
in Fig. 5c following an increased Ba amount of 0.90 ML on the same sur-
face. Again, the straight step edges can be restored by UHV annealing at
600 °C for 2.5 h, as seen in Fig. 5d with more BaO nanoparticles on the
substrate terraces. A larger number of BaO nanoparticles and terraces
with irregular shapes are observed (Fig. 5e) with further increased Ba
deposition (0.60 ML) onto the same surface held at RT followed by
annealing in UHV at 450 °C for 45 min. The square terraces could
not be recovered even with post-annealing at 600 °C for 2.5 h
(Fig. 5f). The surface becomes unimagable when the Ba coverage is
increased further. It is possible that with a significantly raised Ba
amount, the insulating oxide film becomes too thick with an associated
large resistance. Other SrTiO3 reconstructions such as the (2 × 2) and
c(4 × 4) have also been used as the substrate, which all lead to the for-
mation of BaO nanoparticles.

A disordered substrate surface may provide more nucleation sites
and a higher surface energy which may be beneficial for thin film
wetting. A SrTiO3(001) sample was sputtered to form a disordered
surface as the substrate. Again, the growth temperature was kept at
300 °C for 30 min before and after Ba deposition (0.30 ML). In order
to form smooth and ordered structures, the sample was then annealed
in UHV at 850 °C for 1 h. Fig. 6a shows the annealed surface with small
flat surface areas indicated by arrows. The structure forms steps mainly
running along the [010] direction of the substrate. Fig. 6b shows an
enlarged image taken from a flat region elsewhere on the surface. A
unit cell is indicated on the image, rotated by 45° with respect to
the step edges. The step height is measured as approx. 2.8 Å, corre-
sponding to half unit cell height of BaO. Also, the measured periodicity
(10.8 ± 0.5 Å) of the structure indicates a c(4 × 4) reconstruction on
SrTiO3(001). As the lattice mismatch between BaO and SrTiO3 can
be significantly reduced by a 45° rotation of the BaO lattice on
SrTiO3(001), it is likely that the rotated lattice corresponds to an
epitaxial BaO structure.

3.3. Ba and Ti co-deposition on SrTiO3(001)

The elemental growth of BaTiO3 on SrTiO3(001) may be achieved
by two methods: growth of alternative TiO2 and BaO layers and co-
deposition of Ba and Ti followed by oxidation. In Section 3.2, Ti-rich



a) b) c)

d) e) f)

Fig. 5. STM images showing (a) BaO nanoparticles on the c(4 × 2)-reconstructed SrTiO3(001) surface following Ba deposition and oxidation (Image size: 29 × 29 nm2, Vs = 0.69 V, It =
0.20 nA); (b) straightened step edges as a result of post-annealing inUHV at 600 °C for 2 h (Image size: 59 × 59 nm2, Vs = 0.68 V, It = 0.20 nA); (c)wavy step edges following further Ba
deposition (Image size: 58 × 58 nm2, Vs = 0.55 V, It = 0.20 nA); (d) increased coverage of BaO nanoparticles on the c(4 × 2) terraces with step edges straightened after UHV annealing
at 600 °C for 2.5 h (Image size: 50 × 50 nm2, Vs = 0.88 V, It = 0.20 nA); (e) BaO nanoparticles spread over the substrate surface (Image size: 70 × 70 nm2, Vs = 0.55 V, It = 0.20 nA);
(f) similar morphology as in (e) after post-annealing (Image size: 140 × 140 nm2, Vs = 1.23 V, It = 0.20 nA).
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SrTiO3 substrates are used for Ba deposition. However, either BaO
nanoparticles or epitaxial layers form instead of BaTiO3. In order to
further explore the possibility of BaTiO3 formation via elemental
growth at the initial stages, both Ba and Ti were deposited onto a
clean unreconstructed SrTiO3 surface. The sample was degassed at
around 400 °C and cooled down to RT to avoid the formation of any
Ti-rich reconstruction. Ba (0.50 ML) and Ti (0.50 ML) were then de-
posited onto the RT sample, followed by annealing in 10−6 Pa O2 at
400 °C for 40 min. This leads to a disordered surface shown in Fig. 7a.

Annealing the sample in UHV at 800 °C for 1.5 h gives rise to bright
spots and dilines on the c(4 × 2) terraces in Fig. 7b. The bright spots
are similar to the BaO nanoparticles observed following Ba deposi-
tion on the reconstructed SrTiO3 surface. This indicates that at the
initial growth stage of the co-deposition, Ba forms BaO nanoparticles
on the surface and Ti again contributes to the familiar c(4 × 2) and
(6 × 2) reconstructions.

4. Discussion

With small Ti coverages (below 1.00 ML), the deposited Ti forms
a series of SrTiO3(001) surface reconstructions including c(4 × 2),ffiffiffi

5
p

×
ffiffiffi
5
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−R26:6∘ , (6 × 2) and (9 × 2). These structures have pre-

viously been obtained by sputtering and/or annealing at relatively
high temperatures (above 800 °C) [30,36,40]. In this study, we dem-
onstrate that they can be achieved by careful control of the Ti depo-
sition amount followed by annealing at lower temperatures (below
600 °C). It has been reported that on SrTiO3(110) and SrTiO3(111)
surfaces, the thermodynamically stable structures vary as a function
of Ti concentration [45,46]. An increasing Ti concentration results in
the sequential formation of (5 × 1), (4 × 1), (2 × 8) and (6 × 8) re-
constructions on SrTiO3(110) [45,47,48] and the formation of
(4 × 4), (6 × 6) and (5 × 5) structures on SrTiO3(111) [46]. Similarly,
on the SrTiO3(001) surface, the reconstruction evolves from c(4 × 4)
to c(4 × 2) and then to

ffiffiffi
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−R26:6∘ with raised Ti coverage.

The results provide direct evidence that all the observed SrTiO3(001)
reconstructions including c(4 × 2),
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−R26:6∘ , (6 × 2) and

(9 × 2) are Ti-rich. A Srx TiO2 + y (x, y b 1) intermediate phase has re-
cently been reported to grow during the pulsed laser deposition of
TiO2 on SrTiO3(001) as a result of Sr diffusion [39]. Such diffusion is
very unlikely to occur in our studydue to the relatively lowgrowth tem-
peratures. Also, first principles simulations indicate a double-layer TiO2

structure for the c(4 × 2) phase [31,32] and triple-layer TiOx structures
for the (6 × 2) and (9 × 2) reconstructions [32,41]. Such studies are
consistent with the evolutionary sequence we observed by increasing
the Ti coverage on SrTiO3(001) surfaces and none of the surface struc-
tures contains Sr.

If the amount of Ti that forms the SrTiO3(001) reconstruction is
surpassed, the excessive Ti starts to form anatase TiO2 islands on the
SrTiO3(001) surface as previously reported [19,20]. Anatase islands
have also been obtained by extensive UHV annealing (875 °C, 20 h) of
a sputtered SrTiO3(001) sample [43,49], for which sputtering allows Ti
enrichment in the near-surface region, and extensive annealing

image of Fig.�5


a)

b)

Fig. 6. STM images showing (a) a locally ordered structure indicated by arrows following
Ba deposition onto a sputtered SrTiO3 substrate surface with post-annealing (Image size:
46 × 46 nm2, Vs = 1.00 V, It = 0.20 nA); (b) details of the ordered structure with a unit
cell indicated by the square, enlarged from an image taken from another area on the sur-
face (Image size: 14 × 13 nm2, Vs = 1.28 V, It = 0.20 nA).

a)

b)

Fig. 7. STM images showing (a) a disordered surface following Ba and Ti deposition on
a degassed SrTiO3 substrate (Image size: 100 × 100 nm2, Vs = 1.07 V, It = 0.10 nA);
(b) dilines and bright BaO nanoparticles on the c(4 × 2)-reconstructed SrTiO3(001)
surface after UHV annealing of the surface at 800 °C for 1.5 h (Image size:
50 × 50 nm2, Vs = 0.78 V, It = 0.20 nA).
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facilitates Ti segregation to the surface to form anatase islands
[43,49]. In this study, Ti deposition serves as an alternative way to
make the surface Ti-rich. The excessive Ti stays on the substrate surface
and does not need to diffuse there from the bulk. Therefore, much
less thermal energy is required for the formation of epitaxial anatase
TiO2.

For BaO thin film growth on SrTiO3, the small latticemismatch be-
tween BaO and SrTiO3 allows the latter to serve as a suitable sub-
strate for the growth of BaO thin films. The growth mode (islanding
or layer-by-layer), however, is partially determined by the substrate
surface energy. The reconstructed SrTiO3(001) substrate exhibits
relatively low surface energy, leading to the formation of BaO
nanoparticles. Contrastingly, a sputtered substrate with a rough sur-
face which might provide more nucleation sites and a higher surface
energy is favorable for the growth of a locally ordered c(4 × 4) epi-
taxial BaO structure.

Through Ba and Ti co-deposition, we also explored the possibility of
the elemental growth of BaTiO3 thin films on SrTiO3(001) at the initial
growth stages. Instead of forming BaTiO3, the deposited Ti forms the
c(4 × 2) and the (6 × 2) SrTiO3(001) reconstructions, while Ba again
forms BaO nanoparticles. Considering the large enthalpy of reaction
for TiO2 and BaO to form BaTiO3 (−153 KJ/mol) [50], BaTiO3 films are
expected to grow. However, at the very early growth stage, the influ-
ence of the surface and interfacial energies dominate. Low surface ener-
gies associated with the reconstructed SrTiO3(001) surfaces lead to
phase separation with the formation of BaO nanoparticles and Ti-rich
SrTiO3(001) reconstructions containing multiple TiOx layers. BaTiO3 is
likely to grow for thicker films as the enthalpy of reaction would then
dominate the thermodynamics.
5. Conclusion

In the growth of TiO2 thin films, increasing amounts of Ti have
been deposited onto the SrTiO3(001) surface and oxidized by residu-
al gases in the chamber and/or O from the substrate. At the early
growth stages, the deposited Ti results in the formation of a series
of Ti-rich structures including c(4 × 2),
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and (9 × 2). Since Ti deposition serves as a more efficient way to
vary the surface stoichiometry than the previous reported method
involving sputtering and/or annealing, these reconstructions can be
achieved with much lower temperatures. Epitaxial anatase thin
films form with increased Ti coverages (N0.50 ML) and/or post-
annealing at relatively high temperatures (N600 °C). Based on the
STM and the LEED data, (3 × 1) and (5 × 1) reconstructions are
obtained on the epitaxial anatase TiO2 islands grown on SrTiO3(001).

Different SrTiO3(001) substrate surfaces are used to obtain epitaxial
BaO thin films. Compared with reconstructed substrate surfaces, a
disordered SrTiO3 surface allows the formation of a locally ordered
c(4 × 4) BaO structure due to its relatively high surface energy. De-
spite a high enthalpy of formation of BaTiO3, it is difficult to grow
BaTiO3 films on SrTiO3 elementally at the initial growth stages
where the influence of the surface and interfacial energy dominates.
In order to minimize the overall energy, the deposited Ti forms Ti-
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rich surface reconstructions, with the Ba forming BaO nanoparticles
on the surface.
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