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Abstract Combining reflection high energy electron diffrac-1 Introduction
tion, high resolution transmission electron microscopy and

high angle annular dark field scanning transmission elecfransition metal oxides form a broad and diverse class of
tron microscopy we unveil the existence of a peculiar transimaterials (Rao 1998; Henrich and Cox 1994) among which
tion from a three-dimensional to a two-dimensional growthTio, holds a prominent role for its unique physico-chemical
mode in anatase TiLaAlO3 heterostructures. Such agrowtlproperties and promising technological applications, rang-
dynamics is accompanied by Al interdiffusion from sub-ing from photocatalysis and solar energy conversion to elec-
strate to the growing film up to a critical thickness of 20 nm.trodes for regenerative fuel cells and memresistor switch-
With the extra support adb initio calculations, we show that ing memories.(Weinberger and Garber 1995; Chen and Yang
the crossover between the two growth modes correspongg2; Jellison at al. 1997; Chen et al. 2002; Szot at al. 2011)
to the formation of two distinct regions characterized byThe most common Ti@ crystalline phases are rutile and
(103)- and (101)-oriented crystallographic shear superstrugmatase. Both structures can be described in terms of a tetrag-
tures, occurring in the upmost film region and in proximity gna| lattice where the basic building block consists of chains

of the film/substrate interface, respectively. of distorted TiQ octahedra resulting in significantly differ-
Keywords Thin film structure and morphologyHigh ent unit cells and distinct physical and chemical behavior(Ganduglia-
resolution transmission electron microscoggomposition, ~ Pirovano etal. 2007). In particular, rutile is the most thermo-
segregation; defects and impuritieBensity functional dynamically stable, well-defined, and commercially avail-

theory, local density approximation, gradient and other ~ able crystal phase. However anatase is more attractive as a
corrections photocatalyst and is usually obtained as single crystals in

the form of nanomaterials. Also due to the difficulty in ob-
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presence and type of defects. A systematic investigation dfiffractometer equipped with a four-circle cradle. A Cy K
defects requires a careful characterisation of microstructur@\ = 1.5406,&) source was used at 40 kV and 40 mA.
and of local chemical properties both of the film and of TEM/STEM experiments were performed usinga TEM/STEM
the film/substrate interface. The interfacial microstructuredEOL 2010 UHR field emission gun microscope operated
of TiO,/LAO have been previously investigated (Murakamiat 200 kV with a measured spherical aberration coefficient
et al. 2001; Weng et al. 2008; Wang et al. 2010); howeverCs = 0.47+ 0.01 mm. The microscope is equipped with
the understanding of the film growth modes and generatioan Oxford system for energy dispersive X-ray spectroscopy
of defects is still far from complete. Moreover, the interest(EDS) studies. HAADF images were acquired using an illu-
in LAO/TiO,, interfaces is enhanced by the close structuraimination angle of 12 mrad and a collection angle<8260
analogy with the widely studied LAO and TiQerminated < 234 mrad. Cross-sectional samples in the [010] zone axis
SrTiOs interfaces which show an unexpected two dimensuitable for TEM/STEM analyses have been obtained by a
sional electron gas (Ohtomo and Hwang 2004; Banerjee epnventional polishing technique followed by dimpling and
al. 2012). In order to analyze the evolution of the nanostrucion milling. The ion mill process was performed following a
ture of TiG, anatase thin films deposited on (001) LAO sub-well-established protocol to avoid preferential sputtering at
strates, we combine in this work in-situ reflection high en-the substrate/film interface (Carlino 2008).
ergy electron diffraction (RHEED), cross-sectional highres- DFT calculations were performed by using the Perdew-
olution transmission electron microscopy (HRTEM), highBurke- Ernzerhof (Perdew et al. 1996) parametrization of
angle annular dark field (HAADF) scanning TEM (STEM) the generalized gradient approximation (GGA), both with-
analyses and first principle Density Functional Theory (DFTput and with the inclusion of onsite Coulomb repulsion U on
calculations. We found an unusual three-dimensional (3D)he Ti 3d states(Anisimov et al. 1991) For the latter, the com-
to two-dimensional (2D) growth mode transition in the film puted (Cococcioni 2005) value U = 3.5 eV was employed.
structure which resulted in the formation of two adjacentWe adopted the plane-wave pseudopotential scheme as im-
slabs characterized by two distinct Madidlike superstruc- plemented in the QUANTUM ESPRESSO package(Giannozzi
tures each having different crystallographic matching withet al. 2009) with the computational setup extensively tested
the bare substrate. Finally, we propose a model for the pecin Ref. (Lazzeri et al. 2001). For the GGA+U calculations,
liar growth mode of the overlayer and draw conclusions orwe used the GGA-optimized lattice constants but reoptimized
the role of cation interdiffusion on film nucleation. the internal degrees of freedom. More details on the calcu-
lations are in Ref. (Ciancio et al. 2012a).

2 Experimental and calculation details
3 Experimental results

TiO» films were deposited by pulsed laser deposition on un-
treated (001)LAO substrates held at 700C in a1tbar 3.1 Growth and in-situ RHEED analysis
oxygen atmosphere. A KrF excimer laser beam (248 nm, 25
ns duration full width half maximum) was focused on a sto-Since RHEED image is expected to qualitatively change with
ichiometric target with a fluence ofJ2cm 2. The growth  respect to either 3D or 2D surface morphology, any qualita-
process was monitored in situ by RHEED which allows totive change in the diffraction pattern evolution reveals im-
evaluate thin film surface morphology during the growthmediately changes in the surface morphology structure (e.g.
process (Rijnders et al. 1997; Braun 1999). Briefly, in theeither 3D or 2D) of the growing film.
RHEED technique, an electron beam strikes the sample sur- RHEED images of a typical TigdLAO film at differ-
face at a grazing incidence angle and is diffracted onto ant deposition stages are shown in Fig.1. Fig.1a shows that
fluorescent screen. In the case of a 2D structure, the cothe bare LAO substrate has a pure 2D termination as well
responding reciprocal space lattice consists of lines normals a twin structure (i.e. spitting of the RHEED diffracted
to crystal surface (rods). Since the RHEED image resultspots) characteristic of the native presence of macroscopic
from the intersection between the reciprocal lattice rods anterroelastic domains (Geddo Lehmann et al. 2007). Never-
the Ewald sphere, a 2D surface yields a streaky-pattern ontbeless, the Ti@film initially grows in the 3D mode with-
the phosphorous screen. However, in case of 3D structuresut showing any twinning effect induced by the substrate
diffraction arises from 3D material islands. Similarly to the (see RHEED pattern of Fig.1b). The RHEED pattern keeps
case of diffraction in transmission electron microscopy, theéhe same aspect up to a thickness of about 20 nm, when
electron beam travels within nano-meter grains/islands, thereevolves into a 2D streaky pattern (Fig.1c). This form is
fore reproducing their reciprocal lattice onto the phosphokept until the end of the process. Basically, RHEED indi-
rous screen (yielding the so-called 3D spotty pattern). cates that at this stage the surface doesn’t change; this is also

Conventional x-ray diffraction analysis was performeddemonstrated by the absence of oscillations in the reflected
on the TiQ/LAO films by a Philips X'Pert-XRD analytic RHEED intensity, probably indicating that the growth takes
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code (Windt 1998) available in the XOP packagar{&ez
del Rio and Dejus 1998). The plot in the inset is the the-
oretical behavior of a film with a thickness of 40nm. The

o . simulation yields a very low value of surface roughness (i.e.
.%%22%2%%%222 1nm) which is compatible with the qualitative indications of
the 2D nature of the RHEED pattern at the end of deposition.
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angle reflectivity measurements of the %i€ample (black dots). Sim-

Fig. 1 Evolution of the RHEED pattern during the growth of B0 yjated reflectivity curve (red) is also reported on the graph.
thin film on LaAlO; substrate. On the left, RHEED pattern of the 2D

terminated LAO substrate before the deposition (a), and at different

stages of the Ti@ growth, namely for film thickness of about 4 (b),

30 (c) and 40 nm (d), respectively. The splitting of the diffracted spots

appearing in @) is characteristic of the native twin structure of LAO. On

the right, a cartoon describing the surface morphology corresponding.3 Nanostructural characterisation
to the RHEED images.
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XRD reveal valuable information on the film chemical com-
place through crystal-steps flow. The high quality of the finaPPoS!tion, indicating that a unique Ti@natase phase is formed,

surface is confirmed by the appearance of the well kHOWHUt it providt_as quite !imited i.nsight. into the microstructure.
4x 1 reconstruction, characteristic of (001) anatase. This ig—o get such information, we investigated several samples by

evident in Fig.1d, where the final pattern (at a thickness OFEM; in_the following, dat_a are s_hown_ for the same sam-
40 nm) is shown. ple of Fig.2. A cross-sectional bright-field TEM image of

a representative region of the TIQAO interface is shown

in Fig.3a. The image was taken under multi-beam condition
3.2 Structural analysis by X-ray diffraction with the primary electron-beam along the [010] direction of

the substrate. From this figure, one can see that the substrate
The crystallographic properties of the samples were explorezirface is rather flat and entirely covered by the anatasg TiO
by X-ray diffraction (XRD). Typical6-28 spectrum (main film. The average measured thickness is 40 nm, in agree-
panel of Fig.2) only shows the (00I) peaks, indicating thement with X-ray reflectivity. Interestingly, the bright field
preferentialc-axis orientation of the film along the [001] TEM image shows that the film is divided into two adjacent
substrate crystallographic direction. No impurity phases sualegions each about 20 nm thick (hereafter called | and II),
as rutile TiQ or TinO2n_1 phases were detected in the film, each having different diffraction contrast.
similarly to previous reports (Murakami et al. 2001, Weng  Closer HRTEM inspection shows that the two slabs are
et al. 2008). The out-of-plane parameter resulted to be 0.95haracterized by a modulated structure typical of the exis-
4 0.001 nm, in a good agreement with the theoretieakis  tence of crystallographic shear (CS) planes, i.e. regular ar-
parameter of TiQ anatase. Specular reflectivity measure-rays of planar defects originated by oxygen vacancies through-
ments were carried out to determine the thickness and theut the film. The shear defects have different spacing and
roughness of the Tigfilm. Experimental reflectivity curve relative orientation with respect to the LAO substrate de-
and simulation are shown in the inset of Fig.2. The simulapending on the film region in which they are located. In par-
tion of the reflectivity curve was performed with the IMD ticular, the upmost region of the film is populated by CS
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Fig. 3 (a)Bright field TEM image of the Ti@/LAO film in the [010] zone axis showing the splitting of the film into adjacent regions (I and II)
with different diffraction contrast. (b) HRTEM image in the [010] zone axis of the,MAO interfacial region, showing the details of the two
shear defects regions ; diffractrogram of the (c) | CS region and (d) Il CS region
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families of CS planes in the film. Starting from the HRTEM

results, we built two T1jO2n_1 (N=6) superstructures by re- Fig. 4 Ball-and-stick models of the cells for the superstructures formed

moving either (101) or (103) layers of O atoms and opti-by (101) and (103) CS planes (highlighted by blue-dot lines)

mized the structure by DFT calculations. In analogy with the

TinO2n_1 Magreli phases of rutile, the microstructure of the

two superstructures consists of alternate slabs of oxidized

(TiO2) and reduced (TiO) stoichiometry (see Fig.4), but ex-

tra Ti can be easily accommodated. In fact, DFT results in-

dicate that phases of /D1, are particularly favored. This

is validated by nearly-perfect correspondence between the

HRTEM micrograph and simulated TEM images performe(produces images whose contrast is approximately propor-

on the modeled structures(Ciancio et al. 2012b). In additiorfional to the square of the average atomic number of the illu-

computed formation energies of the two CS superstructuré@i”atecj area (brighter contrast being associated with heav-

reveal that the (103) CS structure is largely favored with rei€r €lements), we can conclude that the region close to the

spect to the (101) CS one. Nevertheless, the (101) structufdibstrate has a higher density compared to the outer region

is stabilized in proximity of the interface due to the smallerof the film. EDS analysis performed across the overall film/substrate

lattice mismatch with substrate. interfacial region reveals indeed an Al diffusion from the
substrate towards the film which substantially drops over

By analysis using HAADF and EDS experiments, a secabout 15 nm with a residual slope until 20 nm. Cationic

ond interesting property of the sample emerges. Figure Biterdiffusion was observed also in Ti@natase thin films

shows a typical HAADF-STEM image of the TMLAO  deposited on SrTi@substrates and was attributed to the re-

interfacial region. Contrast variations are seen between thactivity of TiO, anatase with perovskite substrates(Ciancio

two slabs of the film. Since STEM dark field experimentset al. 2012a).
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of anatase-TiQ layer, which keeps the anatase-type coor-

LAO dination. Remarkably, diffusion is limited to 20 nm thick-
ness, corresponding to the critical thickness at which phase
Il starts (Fig.6). The simplest explanation for this evidence
is that Al migrates, at least partly, along the defective paths
of the film, and that such paths are absent in Phase Il. This
circumstance may be relevant in determining the electronic
properties of TiQ films, where Al may play the role of ei-
ther point defect or of dopant, depending on its electronic
5 nm state. We expect that both our work and further investigation
of this issue may result in a considerable improvement of
U0 . : ‘ = the heteroepitaxial growth of Tilanatase thin films with
g targeted properties as well as for the understanding of fun-
g‘“‘ r ) damental properties in this material for device applications.
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cial region. (lower panel) EDS elemental profile of Al acquired on the §
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Fig. 6 Schematic diagram of the different stages of the growth pro-
cess. On the left, Ti@ad-atoms impinging the bare LAO substrate,
and resulting into an alloyed ATiO, compound; such a growth mode
has been demonstrated by RHEED analysis to be 3D. At the center, at

The main achievement of this work is the evidence of the una critical thickness of about 20nm, Al diffusion ends, and impinging
usual crossover betwee 3D 10 2D growh mode of anatacf: 3300 281 0 0 55 Pae T S 8 ersr
TiO2 on LAO. Our data allow to relate this behaviour to the 5ec s on the left, 2D growth mode lasts until the end of the deposi-
crossover from (101) to (103) shear planes. This indicategon, as shown by the final RHEED image.

that the thermodynamically stable phase (i.e., phase Il, host-

ing (103) CS) doesn't nucleate on the substrate, presumably

due to a higher cost in term of elastic energy, connected to

the worst match with the substrate. The reduction of strais Conclusion

is in fact accomplished in phase | by introducing (101) shear

planes. It is reasonable to assume that each new such blokkconclusion, we determined an evolution along the growth
may undergo incoherent growth, until coalescence, consiglirection of the nanostructure of anatase Fithin films
tently with the 3D growth mode observed by RHEED at thegrown on LAO substrates. Combining RHEED, XRD, HRTEM,
initial stage. This idea also accounts for the formation of theHAADF and EDS analyses and the extra support of first
slightly disordered pattern of shear planes of phase |. At therinciple calculations, we investigated the relation between
critical thickness, the constraint imposed by matching withgrowth mode and microstructure of the films. The growth is
the substrate is released and the thermodynamically stabdbaracterized by an unusual crossover from the 3D to the 2D
phase Il grows in the 2D mode, as demonstrated by RHEEDnode at a critical thickness of about 20 nm. The structural
We note that the only relevant difference with phase | is mi-analyses demonstrated that this corresponds to the forma-
crostructural, i.e., of geometrical character, since the stoition of two slabs, both constituted by a Madirlike phase,
chiometry remains the same. As reported above, in the earljiffering one from each other for the orientation of the CS
stage of the film growth (left panel in Fig.6), the Al diffusion planes. Phase I, which contains (101) CS planes, shows a
from the LAO substrate to the growing film is observed, thusbetter matching with LAO; this allows its stabilization at the
resulting in an alloyed ATiO;. In spite of the altered com- first stage. Phase II, which contains (103) CS planes, is ther-
position, the structural parameters of the overlayer are thoseodynamically favored and starts at the critical thickness

4 Discussion
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