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Abstract

Oxygen vacancies are known to play a crucial role in tuning the physical properties
and technological applications of titanium dioxide TiOs. Over the last decades, defects
in substoichiometric TiO9 have been commonly associated to the formation of Ti,Og,
Magnéli phases, that are extended planar defects originating from crystallographic shear
planes. By combining advanced transmission electron microscopy techniques, electron
energy-loss spectroscopy and atomistic simulations, we reach new understanding of the
oxygen vacancy induced structural modulations in anatase, ruling out the earlier shear-
plane model. Structural modulations are instead shown to be due to the formation of
oxygen vacancy superstructures that extend periodically inside the films, preserving the

crystalline order of anatase. Elucidating the structure of oxygen defects in anatase is



a crucial step for improving the functionalities of such material system and to engineer

devices with targeted properties.
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Titanium dioxide TiO, is among the most investigated transition metal oxides due to
its optical transparency, catalytic activity and electrochemical stability,’ which makes it
suitable for multiple applications in optoelectronics and photo-electrochemistry. TiOy crys-
tallizes in either the rutile, brookite or anatase polymorph, all of them comprised of distorted
TiOg octahedra. Anatase, however, shows superior photocatalytic activity as compared to
rutile and brookite and is thus the preferred configuration for applications.*® Even though
stoichiometric anatase is known to be a wide band gap semiconductor with an indirect op-
tical band gap of 3.2 €V, its electronic properties are largely determined by the presence of
excess electrons, which can be induced by intrinsic defects, dopands or photoexcitation.>”
It is known that oxygen vacancies (Vo) are inherently present in anatase with a typical
concentration of 10" cm ™3, which act as donors in the n-type semiconductor.® Vg induce
localized electronic states within the band gap, correlated to the formation of Ti" ions.%?
Creating such in-gap states by Vg is a way to expand the photocatalytic activity of the
material into the visible range of light. %! Furthermore, Vo play a major role in memristive
devices, where highly conductive nanofilaments are attributed to formation and disruption
of Magnéli phases, 12 which are also claimed to occur nanoscopically in anatase powders after
thermal treatment above 800°C'3 and to be at the origin of the storage of alkali metals in
TiOs-based battery materials. '41® Understanding the low energy properties of anatase is key

to guide the material engineering for optimal functionalities and the intrinsic self-doping due

to the oxygen vacancy concentration and site distribution is one central aspect to be clarified.



However, while Vg in TiO4 have been extensively studied at surface and subsurface level, %1623

Vo formation and structure in bulk anatase still remains elusive.?* Recently, vacancy induced
atomic displacements have been investigated by using EXAFS,?*?° and subsurface vacancy
clustering upon annealing has been reported via Scanning Tunneling Microscopy,'? for in-
stance. Although these experimental techniques allowed to disclose several fundamental
properties of oxygen vacancies, they could not assess their arrangement inside the crystal.
In this regard, transmission electron microscopy (TEM) provides a unique opportunity to
probe the structure and image defects with atomic resolution within the bulk of the material.
Previous TEM studies on anatase thin films with uncorrected microscopes, suggested the
formation of crystallographic shear planes along the [103]- and [101] axis extending all over
the film thickness, analogous to the Magnéli (Ti,Os,.) phases found in oxygen-deficient ru-
tile.?52% Experimental limitations, however, imposed large challenges for conclusive analysis
and the occurrence of Magnéli like phases in anatase has to be finally confirmed.

We provide an unprecedented nanostructural analysis of the distribution and the order-
ing of Vo in anatase by relying on the most recent technological advancements in electron
microscopy techniques especially regarding light elements analysis, coupled with atomistic
calculations. In particular, we report on the formation of oxygen vacancy arrays in reduced
anatase thin films, grown by pulsed laser deposition (PLD). Indeed, due to the recent devel-
opments in thin film growth techniques and to the high structural and chemical similarities
between anatase TiOy and (100)-oriented lanthanum aluminate LaAlO3 (LAO) substrates,
thin films exhibiting structural properties comparable with those characteristic of single-

crystals can be made.3%3!

By applying high resolution TEM (HRTEM), selected area electron diffraction (SAED) and
aberration corrected scanning TEM (STEM), complemented by multislice simulations based
on structures obtained from Molecular Dynamics (MD) simulations, we shed light on the
structural modulations characteristic of anatase and determine unambiguously the atomic

structure and ordering of oxygen vacancies of the planar defects. Our results are further



supported by electron energy loss spectroscopy (EELS), which enlightens local variances
in the Ti*"/Ti*" population. In contrast to the general assumption that correlates the
phase contrast of the structural modulations in conventional TEM images to the presence of
Magnéli-phases, our experimental layout along with numerical simulations point instead to
the stable formation of ordered distributions of Vg, forming extended periodic superstruc-
tures with variable oxygen concentration inside the anatase thin films, with no presence of
crystallographic shear planes.

A representative view of the cross-sectional region of an anatase film on LAO (100) is
given in Figure la, showing a TEM bright field (BF) micrograph (details on sample prepa-
ration and experimental parameters are found in the Supporting Information). From this
image taken at the film/substrate interface and the corresponding fast Fourier transform
(FFT), we see that the interface is straight and sharp and that film and substrate fully
match in plane, as a consequence of the very low lattice mismatch of anatase with the LAO
substrate (approximately 0.1%).%92% The film is approximately 16 nm thick and has a typi-
cal domain structure, as observed in previous works and visible in the image where a domain
boundary can be discerned. Periodic phase contrast modulations are clearly identified in the
whole film with a predominant [103] orientation and a slightly varying periodicity of approxi-
mately 1.4-1.8 nm. The periodic modulations yield distinct spots in the FFT adjacent to the

characteristic anatase reflection and commensurate to the periodicity measured in real space.

The SAED pattern in Figure 1b was obtained from a region containing both substrate
and film. All principal reflections in the present diffraction pattern can be assigned to either
LAO or anatase with no trace of other phases. However, the presence of periodic structural
modulations causes additional weak satellite diffraction spots adjacent to the anatase reflec-
tions. Alignment and distance of the satellite spots match the contrast modulations visible
in the TEM image. Slight variations in direction and periodicity of the structures, also

visible from the real-space images, explain the diffuse appearance of the satellites. A closer
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Figure 1: Cross-sectional analysis of the film/substrate area: (a) TEM BF image of the
anatase film on the LAO substrate. Phase contrast clearly reveals the existence of periodic
superstructures in the anatase [103] crystallographic direction. The corresponding FFT is
depicted in the inset. (b) SAED pattern confirming the presence of periodic structures with
the corresponding satellite spots marked by red arrows. The inset shows a magnified image
of a single diffraction spot with its satellite reflections, illustrating the elongated shape of the
spot in [001] direction. (c-d) Overview STEM images of the anatase region using the HAADF
(c) and ABF (d) signal, both acquired simultaneously. Insets show the corresponding FFTs.



look on their shape reveals broadening along the [001] direction, which is also likely due to
slight variations in direction of the arrays. A value of approximately 39 deg was measured
for 6, which is the angle of the direction of the satellite spots with regard to the [001] ori-
entation. This value matches well the expected value of 40 deg for the [103] crystallographic
direction in anatase. Despite being the dominant orientation, we also identified modulations
along [101] and [001] in our experiments, which is also in accordance to previous reports
where contrast modulations and arrays of defects are always attributed to Ti,0Os, Magnéli
phases.?032 Note that the SAED intensities I have been transformed by {,iﬁ for better visi-
bility of low intensity spots.

To further elucidate the origin of the periodic contrast modulations we performed aberration-
corrected STEM (see Supporting Information for details). Figure 1c shows a STEM HAADF
image of a cross-sectional region within the anatase film. The HAADF signal is dominated
by the Ti sublattice due to the strong dependence of high-angle electron scattering on the
atomic number Z. The typical anatase dumbbell structure is clearly distinguishable in the
film and recurs over the entire crossectional region with no sign of presence of secondary
phases, consistently with the SAED data. The contrast modulations observed in TEM BF
are also visible in HAADF, though less pronounced for the absence of phase contrast inher-
ent to STEM HAADF imaging. As the intensity of lighter elements is better emphasized in
ABF imaging, we compare the high-angle annular dark-field (HAADF) and annular bright
field (ABF) signals of the same region to relate the modulations to the oxygen distribution.
Figure 1d shows an ABF image acquired simultaneously with the HAADF signal from (c).
Higher magnification micrographs of the same region are given in Fig. 2(a-b). Note that,
opposite to HAADF, atomic columns appear dark in the ABF angular detection range. Both
HAADF and ABF provide clear evidence that the periodic phase contrast variations in Fig-
ure 1 are not related to Magnéli phases, whose characteristic fingerprint is the presence of
crystallographic shear planes, namely lattice discontinuities and additional lattice columns

resulting from shifts of the cation positions due to the elimination of oxygen planes.26-2933:34



On the contrary, the contrast modulations are characterized by blurring of atomic columns
and slight atomic misalignments, while the typical anatase dumbbell structure is preserved
(see the Supporting Information for a Multislice simulation based on the shear plane struc-
ture model as comparison). In particular, the ABF signal shows strong distortions of the
oxygen sub-lattice, which reflect into the distribution of blurred Ti columns in the HAADF
contrast. This correspondence is further highlighted in Fig. 2d where the HAADF signal
from (a) and the ABF signal from (b) are combined in one image. The inset highlights a
transition region between a distorted and less distorted lattice (marked by a dotted line).
This finding points to a direct connection between the distortions of the O sub-lattice and
the blurring of the Ti columns.

To obtain quantitative information about the distribution and arrangement of the lattice
distortions we take a closer look on the spatial distribution of the HAADF signal. Figure 2c
provides the result of an intensity evaluation based on the HAADF image in (a). The colours
in this graph correspond to the intensity integrated over each atomic column separately?®
(see Supporting Information for details). The periodic arrays with change in intensity can
be discerned in the image. Ti columns within distorted regions (blue coloured) exhibit a
significant drop in intensity, compared to those outside (green-to-yellow coloured). A closer
look also reveals remarkable intensity variations between the two columns of the same Ti
dumbbell. Our experimental results provide evidence that the periodic contrast modulations
observed in anatase by TEM are caused by the periodic arrangement of oxygen vacancies,
that differently from the rutile Magnéli phases, do not yield the formation of crystallographic

shear planes.

Further evidence that the structural modulations are related to the presence of Vg rich
and Vo depleted regions is given by EELS analysis. EELS data shown in Figure 3 contain
both edges Ti L and the O K and compare the spectrum acquired from a more distorted,

Vo rich region, appearing dark in HAADF with one from a less distorted, Vo poor and
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Figure 2: Experimental high resolution STEM images: (a) STEM HAADF image showing
slight intensity variations within the anatase film caused by the superstructures along the in
[103] direction. (b) ABF image acquired simultaneously with the HAADF signal in (a). Red
lines indicate the positions of disturbed regions within the modulations. (c¢) Columnwise
integrated intensity map generated from the HAADF image in (a). The intensity scale is
normalized to the maximum integrated intensity value. The dashed red lines superimposed
to the image are guide to the eyes to better identify the periodic arrays. (d) Overlay of the
HAADF in (a) and ABF in (b), inset showing the transition between a Vg rich and Vo poor
region; the border is indicated by a yellow dotted line.



therefore brighter area. In the latter case, the fine structure shows all characteristic anatase
features,?® while in the case of the more distorted region we see typical features of oxygen
deficient anatase.3”3® For an easier comparison of the important features we performed mul-
tiple Gaussian fitting and refer to the fit energy positions and amplitudes in the following.
The presence of lower oxidation states is especially visible in the O K edge by the change
in intensity ratio and splitting between tay and e,.*” The intensity ratio to,/e, changes from
1.15 in the V¢ depleted region to 0.93 in the V¢ rich region, while the energy splitting be-
tween the two peaks changes from 3 eV to 2.6 eV. The slightly decreased tgq-e, crystal field
splitting indicates a change in Ti-O bonding and hints, together with the more distinct e,
splitting in Ti L3 (the intensity ratio of the e, main peak to its sub-peak changes from 1.8 to

9,36,37,40,41 which is also

1.4), towards a decrease in crystal symmetry within the dark regions,
in accordance to our HAADF and ABF results. Quantitative EELS based on the Ti L and
O K edge intensities furthermore yields an estimate for the reduction rate of (16 + 9) %,
relative to stoichiometric TiOy (see the Supporting Information for details).

Vo are known to introduce significant local lattice distortions that, to first order, are
driven by electrostatics: The O atoms nearest neighbour to the O vacancy displace radially
towards it, while adjacent Ti atoms relax outwards.2>#2 The occurrence of these lattice distor-
tions determine the reduction of the HAADF intensity in the corresponding Ti columns.?
Further reduction in intensity is likely caused directly by the reduced amount of oxygen
atoms within Ti columns, also contributing to the Ti dominated HAADF signal. The ex-

pected atomic displacements induced by the presence of a single vacancy are illustrated in

Figure 4.

To further support the above experimental evidences that the periodic distortions mea-
sured by HAADF are indeed caused by the presence of oxygen vacancies, we compare the
experimental results with multislice calculations based on geometric configurations as ob-

tained from atomistic simulations. To this end, we randomly generate an oxygen deficient
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Figure 3: EELS analysis comparing the Ti L and O K fine structure of a less distorted (Vo
poor) region in the film with a region exhibiting visible lattice distortions (Vg rich). The
corresponding regions of spectra acquisition are indicated in the HAADF and ADF image
in the inset, both showing the same sample region; spectra are shown after background
subtraction and zero-loss deconvolution. The O K energy range is scaled by a factor of 3 to
increase visibility. Features indicating the presence of lower valence states and coordination
changes are indicated by arrows in spectrum B.

anatase geometry consistent with both our experimental findings and the DFT calculated
interactions among oxygen vacancies in anatase.?? Lattice distortions due to vacancies act
as an attractive force between vacancies, while, local charge accumulation imposes a barrier
for vacancy clustering.® The resulting energetically favorable arrangements of two oxygen
vacancies are shown in Figure 4b and referred to as I and II. It is important to note that
the mutual interaction between the vacancies was found to be predominant along the direc-
tion of the base vectors a or b of the anatase unit cell (corresponding to the [100] or [010]
direction, depending on the vacancy position), while other configurations can be regarded

as uncorrelated.

To account for the periodic vacancy arrangement on a larger scale, as probed by our
experiments, the vacancies were created randomly according to a sine square probability dis-

tribution with a periodicity of 1.5 nm, along the [103| and [013] crystallographic planes, until

10
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Figure 4: Lattice distortions induced by a oxygen vacancy: (a) Tetragonal unit cell of anatase
with one oxygen vacancy induced (O atoms in red, and Ti atoms in cyan). Distances cor-
respond to the Vg induced displacement of O atoms adjacent to a vacancy with regard to
equilibrium distances, as predicted by ReaxFF. (b) The two energetically favorable configura-
tions of two vacancies along the [100] or [010] atomic stripes according to DFT calculations. *?
Both I and II are energetically equivalent. (c) Visualisation of lattice distortions induced
by the presence of a single oxygen vacancy (Vo) after energy minimization using ReaxFF.
Orange and blue arrows represent the direction of vacancy induced displacement for O and
Ti atoms, respectively.
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Figure 5: Atomistic simulation results: (a) Oxygen deficient (15 %) anatase supercell
(25x50x10 unit cells), generated randomly according to the vacancy interaction rules based
on DFT;*? colors correspond to the centrosymmetry parameter, as a measure of the local
lattice disorder?® to guide the eye; colorbar is same as in (b). (b) View along the [010]
orientation of the equilibrated geometry, exhibiting vacancy arrays. The black rectangle
highlights the scan range used for image simulations. (c) Multislice simulation of HAADF
contrast based on the geometry (a-b). The simulated image consist of 256x256 sampling
points and is the result after 20 TDS runs. scale bar is 2 nm (d) Columnwise integrated
intensity of the image in (d), normalized to the maximum value.
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the desired target vacancy concentration is reached over the whole crystal. Both vacancy
arrangements [ and II were considered with same probability as they were calculated to be
equal in energy. Here, we present the results for an overall oxygen deficiency of 15%, a value
that was found to fit well the HAADF contrast in the experimental data, as well as to the
O concentration estimated from the EELS data. The resulting anatase supercell has a size
of 25x50x10 unit cells. After generation the geometry is energy minimized and thermalized
at 300 K in an MD run (see Supporting Information). The energy minimized structure is
depicted in Figure 5a and b. Subsequently, 20 configurations were extracted at different
MD time steps, to sample the thermal displacements within the frozen lattice approxima-
tion during the multislice simulation. For each MD configuration a separate calculation was
performed and the resulting image represents the pixel-wise averaged intensities of the 20
single images.

The central region of the supercell, 71A x 71 A in size, was selected as scan window for
the calculations, while the thickness was 190 A (corresponding to the 50 unit cells of the
super cell). The selected region is shown in (b), marked by a black rectangle. The resulting
HAADF image is depicted in (c). It consists of 256x256 sampling points and a slice thickness
of approximately 1 A was chosen. The periodic contrast variations of the simulated image are
in a very good agreement with the experiment. This close correspondence further confirms
the TEM experimental findings: periodic modulations in anatase are associated with oxygen
vacancy superstructures occurring periodically inside the film. The blurring effect attributed
to local atomic displacements caused by oxygen vacancies is consistent with the electrostatic

23,42 and

relaxation behaviour of such point defects in anatase, as predicted theoretically
also observed experimentally.?#? The Vo induced lattice distortions in anatase are likely
compensated by the formation of Vo depleted regions and determine a long-range periodic
array of modulated Vo concentration. As a consequence, the concentration modulations

allow to balance expansive and compressive regions and thereby stabilize the structure, with

[103] and [013] being the energetically favourable orientation, as previously reported. 17-26:44:45

13



These results are also in good agreement to previous calculations for rutile, where planar Vg
arrangements were discussed to form without strong atomic restructuring,“® as well as with
the general picture of defect ordering in transition metal oxides.*”

In conclusion, we investigated the intrinsic structure of defect arrays in anatase TiOy thin
films on LAO substrates. Aberration-corrected STEM HAADEF and ABF analyses, comple-
mented by phase contrast imaging and SAED unveiled the presence of structural modulations
inside the film, that consist of periodic arrays of oxygen vacancy superstructures forming a
long-range ordered structure that does not break the anatase continuity. Site selective EELS
analysis demonstrated that the structural modulations are associated with alternating oxy-
gen content regions which reflect into a Ti*"/Ti*" mixed population.

Our experimental findings along with extensive atomistic and multislice simulations lead to
validate a new model for the defect structures in anatase that excludes the typical shear-
plane structures, like the Ti, O, Magnéli phases, which are commonly claimed to occur in
titanium dioxide. Our study provides a conclusive picture on the intrinsic structural assess-
ment of oxygen vacancy superstructures in reduced TiO, anatase thin films and enlightens
the great power of combining advanced TEM and simulation techniques to address secondary

structures in complex materials.

Supporting Information Available

This material is available free of charge via the internet at http://pubs.acs.org.

In the Supporting Information we provide details on the TEM experiments and sample
preparation, as well as parameters for MD and multislice calculations. It furthermore con-
tains details on the PLD growth conditions and pre-characterisation of the films based on
XRR, XAS, XRD and XPS measurements, performed at the NFFA facility integrating the
APE beamlines of IOM-CNR at Elettra in Trieste. We also give additional views on the

oxygen deficient supercell used for the simulations in Figure 4, multislice simulations of the

14



shear plane model in comparison, a complementary ABF simulation, details on EELS quan-
tification, and an analysis of the atomic displacements from the experimental and simulated

HAADF images.
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