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Abstract

Depending upon the oxygen content x, LaTiOs
can be a semiconductor, a metal, or a ferroelectric at
room temperature. Using a thin-film approach, it is
in principle possible to adjust the oxygen content in
the growth direction and thus tune the electronic
properties within the same sample. We report here
on a systematic study of the epitaxial growth of
LaTiOjs5 films on SrTiO; (110) substrates using
molecular beam epitaxy. The epitaxial behaviour
and the growth mechanism of these films have been
investigated by means of X-ray diffraction, trans-
mission electron microscopy, and in situ reflection
high-energy electron diffraction analysis. © 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

Many interesting properties of perovskite-type
compounds ABOj; arise because the transition ele-
ment B can take a mixed valency.!? The perovskite
LaTiO; belongs to this class, and its chemistry has
been proved to be highly flexible.>® In particular,
the physical phase diagram has been extensively
studied as a function of oxygen doping 0 < x
< 0-5.7 A metallic, semiconductor, or ferroelectric
behavior is observed at room temperature,
depending on the x value. For low oxygen con-
tents, 0 < x < 0-2, the crystal structure consists of
a three-dimensional [TiOg] octahedra network. For
x=0-5, all the additional oxygen atoms are ordered
on infinite {110} .., e Planes, with a periodic
stacking distance of 1-28 nm (‘4 octahedra blocks’).®
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This compound (Fig. 1) is ferroelectric’ with one of
the highest reported 7. (1500°C), and offers inter-
esting perspectives for applications. Prior to any of
these studies, the growth of high-quality LaTiO;5 4
thin films must however be mastered and under-
stood. For x=0-5, few results have been repor-
ted,'®!" and to our knowledge epitaxial growth has
not been achieved previously.

2 Experimental Details

Epitaxial thin films are prepared in a molecular
beam epitaxy (MBE) system using the block-by-
block deposition method.!? They are grown at
800+ 10°C on SrTiO5 (110) (STO), under a flow of
atomic oxygen produced by an RF-plasma source.
This substrate orientation provides the only surface
with coincident sites for the growth of LaTiOs.s.
Furthermore, the in-plane lattice mismatch is very
small, i.e. —0-47 and 0-12% along both orthogonal
directions. Lanthanum and titanium are evapo-
rated from electron sources, and the deposition
sequence consists of a La—O, monolayer followed
by the deposition of a Ti—O, monolayer. The oxy-
gen background pressure is 1-5x 107> Torr before
deposition, and decreases to 3x10~® Torr as a
function of the (La, Ti) evaporation rates. After
growth, the films are cooled down under atomic
oxygen at a rate of 10°Cmin~!. The structural
quality of these films is monitored in situ by reflec-
tion high-energy electron diffraction (RHEED),
and ex situ by X-ray diffraction on a Siemens D500
diffractometer equipped with a graphite back
monochromator. For the transmission electron
microscopy (TEM) study, plan-view and cross-sec-
tion samples were prepared by cutting, grinding
and finallly thinning with an Ar-ion beam to electron
transparency. High-resolution TEM (HRTEM) stu-
dies were performed in a Jeol 4000EX (point-to-
point resolution of 1-7A) and a Jeol 4000FX
microscope operating at 400kV.
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3 Results

3.1 Crystal structure of the films

The 6 — 26 X-ray diffractogram of a film grown on
STO is shown in Fig. 1. At low 26 angles, finite-size
oscillations can be observed around the film dif-
fraction peaks. They indicate a good structural
coherence through the entire film and a crystalline
film thickness of 12-5+1nm, in close agreement
with the total amount of deposited material (10
unit cells). This diffractogram can be completely
indexed with an out-of-plane lattice parameter
d; =1-2844+0-0005nm, close to the calculated
value (d(100)= 1-2864 nm) reported for the LaTiO; 5
unit cell.® Hence the main part of the film is a-axis
oriented, with the ordered oxygen layers lying par-
allel to the substrate surface. A cross-sectional
TEM study performed along the [110] and [001]
directions confirmed the orientation of the oxygen
layers.!® The image shown in Fig. 2, taken along
the [110] direction, clearly shows the characteristic
monoclinic angle of the LaTiOs5.5 structure. The
distance between the clear bright lines is 1-28 nm,
corresponding to the (100) interplanar spacing.
The periodicity further confirms a homogeneous
film growth.

3.2 In situ study of the growth mechanism

During deposition, epitaxial growth of the film
leads to well-defined RHEED streaks along [110]
azimuths, [Fig. 3(a)]. No precipitates can be
observed, and there is no indication of three-
dimensional growth. One notices the weak twofold
superstructure, in agreement with a c-axis that is
twice that of LaTiOs.5s. From the distance between
the streaks, the in-plane lattice parameter can be
derived with an accuracy of +0-002A using a
peak-fitting program. Figure 3(b) shows the varia-
tion of this parameter during the growth of a film
10 unit cells thick. Surprisingly, the d(yo;) distance
oscillates during growth. As the number of maxima
equals the number of deposited unit cells, this
phenomenon is most likely associated with the
formation of each unit cell.

4 Discussion

In a previous paper, we reported a deviation of the
surface structure with respect to the ideal per-
ovskite (110) one.® This deviation is due to a pre-
ferential ordering of the oxygen atoms along the
[001] direction, within a disordered LaTiOs.5 top-
most layer.'3 It indicates a tendency towards a b-
axis growth mode, i.e. with the additional oxygen
planes perpendicular to the surface, [Fig. 4(a)].
However, our structural data indicate that the

oxygen atoms ultimately order parallel to the sub-
strate surface. The transition from a disordered
LaTiOs.5 surface layer to an a-axis ordered LaTiO; 5
film takes place during growth and/or cooling. The
oscillations of d(go1) [Fig. 3(b)], suggest that this
transition takes place for each deposited unit cell.
As previously reported,'? we can first assume that
close to the interface, i.c. within the depth probed
by the electron beam, the structure corresponds to
a highly oxygenated and disordered LaTiO, per-
ovskite having a lattice parameter larger than that
of bulk LaTiOs.5. From the bulk La—Ti—O phase
diagram, we know that the smallest periodic dis-
tance between oxygen layers is 1-28 nm, which cor-
responds to four LaTiO, atomic layers. Hence, the
ordering between oxygen layers can occur when at
least four layers have been deposited. Therefore the
in-plane lattice parameter increases until four layers
have been reached. The subsequent decrease corre-
sponds then to the diffusion of the oxygen atoms
towards their final ordered positions, leading to a
relaxation of the lattice spacing [Fig. 4(b)]. The dif-
fusion takes place within at most two perovskite
slabs, which is in agreement with the TEM analy-
sis.!3 This analysis revealed that the first oxygen
after the interface is two LaTiO, atomic layers
away from the interface. This diffusion is probably
driven by the epitaxial constraints coming up from
the substrate. The ordering of oxygen atoms into
planes parallel to the surface leads to a small lattice
mismatch (0-47 and —0-12%) whereas inserting
oxygen planes perpendicular to (110) would lead to
a much stronger lattice mismatch.
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Fig. 1. 6 — 20 X-ray diffractogram of a LaTiO;.s film grown

on STO. The inset shows the low-angle finite-size oscillations

around the (400) reflection. Also shown is a projection on the

(a, b)-plane of the crystal structure of LaTiO;.5. The a-axis is
drawn vertically.
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Fig. 2. [110]sto cross-section HRTEM image of the LaTiO;.s film grown on STO. The film exhibits characteristic (100) lattice
fringes parallel to the interface, indicating homogeneous growth. The monoclinic angle of the LaTiO3.5 phase can be measured from
the inset. Reprinted from Ref. 13.
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Fig. 3. (a) RHEED pattern observed during growth along [110] azimuth. (b) Evolution of the in-plane lattice parameter measured
along [110] azimuth for a LaTiOs5 5 film grown on STO.
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Fig. 4. Schematic for the growth mode hypothesis. (a) Two equivalent (110) planes are drawn with respect to the simple perovskite

structure. The horizontal plane can be associated with the substrate surface and is the one desired for the oxygen layers. The vertical

one is parallel to [001]sto. (b) Illustration of the growth mechanism. The shaded rectangles correspond to layers with a higher in-
plane lattice parameter.
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5 Conclusion

We have grown epitaxial a-axis single crystal
LaTiO3.5 thin films on STO(110) substrates with
excellent structural properties. The growth
mechanism of these films is driven by the diffusion
of oxygen into planes parallel to the growth sur-
face. Their ordering parallel to the growth surface
is probably due to an excellent epitaxial relation-
ship with small lattice mismatch.
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