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Abstract:

SrVO3 (SVO) is a complex oxide with interesting optical and conduction properties as an
indium-free transparent conducting oxide for electrode applications. In this paper, we report
how the surface of SVO can be designed at the nanoscale from self-organized Sr3V20s
nanostructures (NS) with different shapes and morphologies depending on crystalline
orientations. By combining transmission electron microscopy (TEM) and atomic force
microscopy (AFM), we compare the characteristics of the NS for SVO films grown on SrTiO3
(STO) polycrystalline substrates, according to combinatorial substrate epitaxy (CSE), with
those of NS observed from SVO films deposited on STO single crystalline substrates with
different crystallographic orientations ((100), (110), (111)). We are able not only to show that
the obtained morphologies are correlated to the specific substrate orientation due to the epitaxial
relationships between the NS, the SVO, and the substrate, but also to establish a NS library and
determine the necessary crystalline orientations for a certain NS morphology on demand.
Finally, dissolution of the NS in water leads to typical inverse imprints on the surface of the
film, offering a fast and easy way to pattern the electrodes. This work presents a new way of

patterning surfaces with a specific design of self-organized NS.

Introduction

Ternary oxides (ABOz) with perovskite structure form a class of materials rich of
various functional properties (piezoelectricity, ferroelectricity, superconductivity, etc.)*>. This
diversity is due to the wide range of cation sizes and the electronic filling of the d orbitals
possible to be accommodated in the perovskite structure, which both modify their crystalline
structure and the electronic properties. For example, by substituting the cation X (X: Ti, V) in
the formula SrXQOs, we obtain respectively SrTiOs (STO with 3d° which is insulator and
frequently used as substrate for all-oxides heterostructures* and SrvVOss (SVO with 3d!?)
which is a metal and can be used as an electrode for integration of functional oxides 2. This
metallic behavior is also associated to a high optical transparency in the visible range due to
electronic correlations, which makes SVO interesting as a new transparent conductor oxide® 23,
Interestingly, both of these materials possess the same primitive cubic structure (space group
Pm3m, N°221) with lattice constant a = 3.905 A * (STO) and 3.843 A for § = 0 and 3.856 A
for 8 = 0.1 (SVO)*™> 8 respectively. The similar lattice parameter in these compounds allows

the vertical integration of the perovskite family through epitaxy*®2°-22,
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SVO is usually grown at low oxygen pressure to stabilize the VV4* state since vanadium
is highly sensitive and more stable in the \°* state (3d°). Therefore, films are typically grown
under vacuum or in a low O; partial pressure (less than 1.2x10 Pa at 750°C) and rapidly cooled
under vacuum to avoid the appearance of higher vanadium valence state phases such as
insulating SrsV20s. This phase appears in the form of elongated nanostructures (NS)2241°, with
an epitaxial relationship to the SVO matrix, as it was shown in the case of (100)-oriented SVO
films?>?5, Furthermore, the NS have the particularity to grow also inside the SVO matrix, i.e.
the NS are half buried down to the SVO film surface. Interestingly, the NS phase is highly
soluble in water, leaving after dissolution imprints with a depth from 10 to 20 nm equal to their
initial heights, building a network which can be useful for nano-patterning?’. Therefore, nano-
patterned electrodes can be developed for the integration of complex oxides promoting the
development of devices or sensors at the nanoscale. As a promising transparent conductive
oxide (TCO), such particular SVO surface can also be tailored to obtain very high surface area
in optical devices. Finally, nanostructured surfaces can be used for different applications such
as optical anti-reflective applications®® or surface nano-structure-wettability?®,

Up to now, only elongated NS with two variants being oriented by 90° have been
reported for SVO. Nevertheless, it would be useful to obtain different NS shapes, sizes and
spatial distributions, in order to create other patterns which can be adaptable on request. As the
NS are epitaxially grown on SVO, their characteristics and epitaxial relations should be related
to the lattice misfit with respect to the SVO matrix. So the crystalline orientation of the SVO
matrix becomes an important lever for the diversification of the NS shapes. In this study, we
use polycrystalline substrates based on the combinatorial substrate epitaxy (CSE) approach in
order to provide a full investigation of the different NS which can be obtained based on the
crystalline orientations of the SVO matrix. In those polycrystalline substrates, each grain acts
as a single crystal for the growth of the thin film3®=7, so that all crystalline orientations of the
SVO film can be obtained with only one substrate. These substrates can be synthetized from
exotic materials with different structures not commercially available3%313°_In the case of STO,
atomically flat surfaces can be obtained® and also that the size of each grains can be tuned from
1 to 40 um depending on the annealing process. Additionally to low production costs compared
to single crystalline substrates, these substrates may provide also the possibility of engineering
physical properties of thin films via grain boundaries, in order to improve the thermoelectric %

or magnetotransport properties, for example.
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In this paper, SVO films are grown on commercially STO single crystalline substrates with the
three available crystalline orientations (100), (110) and (111). Shapes and morphologies of the
produced Sr3V»0Og surface NS are studied by transmission electron microscopy (TEM) and
atomic force microscopy (AFM) relatively to their epitaxial relationship with respect to the
SVO matrix orientation. Then, the use of CSE allows us to establish a complete library of the
orientation-morphology relation of the NS3:34° This technique also reveals itself as a
powerful tool to investigate the NS on the orientation of the SVO matrix underneath. Correlated
to electron back scatter diffraction (EBSD) measurements, AFM imaging has been performed
on selected grains to observe the morphologies and compare them to the three common
orientations. Beyond these results, a “zoology” of these NS is presented, allowing to extract the
necessary crystalline orientation from this library and adapt the NS shape and spatial orientation

to the application requirements.

Materials and methods

STO polycrystalline substrates were synthesized by mixing the two precursors TiO2 and
SrCO; *. After numerous machine and manual grinding steps, a calcination was performed at
1200 °C for 12 hours. After pressing, the pellets were sintered by spark plasma sintering (SPS)
at 1500°C for 20 min in order to obtain a polycrystalline substrate with a grain size of around
40 pum. The ceramic was then polished in order to obtain mirror-like surface for the local epitaxy
of the SVO film. First, we use a manual process with several SiC papers (30-15-10-5 um), then
an automatic polishing (using a Struers polisher) with diamond liquid pastes (at 3 um and 1um

grain size) and the last step was a finishing process by SiO»-colloidal solution.

Three commercial (SurfaceNet GmbH) STO (4x4x0.5 mm?) substrates with the (100),
(110) and (111) orientations were glued together with the polycrystalline STO substrate on the
substrate holder with silver paste. The deposition of SVO films was performed at 850°C under
2.5x10° mbar of oxygen pressure using the pulsed laser deposition (PLD) technique. A KrF
laser (A = 248 nm) at an energy of 1.85 J/cm? and repetition rate of 2 Hz was used. The base
pressure of the chamber was 5x10° mbar and the distance between target and substrate
approximately 5 cm. A 60-nm thick SVO film has been synthesized. After deposition, the
samples were maintained 30 minutes at the growth temperature and oxygen partial pressure in

order to form the NS, before being cooled down during 3 hours %,
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The polycrystalline substrates were investigated by scanning electron microscopy (SEM) and
EBSD, with a Zeiss Supra 55 instrument. The conditions for EBSD were: V = 15 kV, aperture
= 60 um and working distance = 15 mm. Prior to deposition, the surfaces of the substrates were
prepared by a NH4F etching and an annealing at 950°C for 1 h. Figure SI-1 presents AFM
images of a polycrystalline substrate for randomly selected areas after revealing terraces as
presented in ref.%. Terraces are observed with dimensions related to the orientation of the

different grains, which are randomly distributed.

Dissolution of the Sr3V20g NS was realized by rinsing the substrates under water for
30 s, and before drying with N2. To get a complete NS dissolution on the (111)STO substrate,
a second irrigation with water for 30 s was used.

X-ray diffraction (XRD) analysis on the thin films was carried out using a 6-26
instrument (Bruker AXS D8 Advance) working with a monochromatized Cu-Kal radiation and

equipped with a 1D detector (192 channels).

A Dimension ICON AFM (Bruker) has been used to observe morphology of NS present
onto the surface of the various samples. The AFM topography measurements were performed
in air with the PeakForce tapping mode. For this purpose, a silicon tip on nitride lever
(ScanAsyst Air model, Bruker), with a 0.4 N/m spring constant and a nominal tip radius of 2
nm was used with a resolution of 512 pixels x 512 pixels.

TEM study on the SVO films grown on (100), (110) and (111)STO was performed by
using a Jeol 2100 instrument operating at 200 kV and equipped with a Gatan Orius 200D and a
Gatan US Scan 1000 cameras. Samples for TEM were obtained by scratching the film with a
diamond tip and the obtained fragments were collected on a commercial carbon-coated copper

microgrid.

Results and discussion

1. Sr3V20s nanostructures growth on single crystalline (100), (110) and (111)STO

substrates

Figure 1 shows the surface of SVO thin films simultaneously grown on three common
orientations of STO. Comparable to what we previously observed for CavVOs*, self-organized
Sr3V20sg NS are observed in the analyzed regions of 4x4 um? with a morphology being function

of the substrate orientation. On (100)STO, the surface presents elongated shapes of 160 nm
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length and 75 nm width with an average height of 25 nm (figure 1a). The root mean square
roughness (RMS) of 6.8 nm is higher than the one given in ref. due to a slight change in
oxygen pressure during the growth and to an increased waiting time before cooling. The NS
follow two perpendicular in-plane directions as already described in a previous study.?* These
Sr3V20g NS with similar shape have also been reported on (100)NdGaOs (NGO) and
(100)(LaAIO3)03(Sr2AITaOs)o.7 (LSAT) substrates''#2, Interestingly, on the (110)STO
substrate, elongated NS can also be observed but they appear oriented along only one direction.
The NS are a little longer than on (100)STO e.g. between 200 to 500 nm-long (figure 1b) and
have a 16 nm-height. On (111)STO, two types of different NS appear: the first ones have
triangular shape and the second ones are oblong NS as for (100)STO and (110)STO.
Nevertheless, in this case, the oblong NS with variable size (50 to 250 nm) are oriented with an

angle of 60° between them (figure 1c).

Figure 2 displays XRD patterns of films grown on (100)-, (110)- and (111)STO substrates.
These patterns exhibit only the substrate Bragg peaks and the 100, 110 and 111 reflections of
the SVO phase, respectively, indicating that the substrates induce a preferential out-of-plane
film orientation as expected for materials having the same structure type and similar lattice
parameters. No secondary phases are found, neither peaks attributed to the Sr3VV20g NS due to
a too small diffracting volume. The out-of-plane lattice constant of the SVO phase is a = 3.841
A, 3.845 A and 3.845 A on (100)-, (110)- and (111)STO, respectively, close to the bulk values.
To estimate the quality of our metallic samples, we use the residual resistivity ratio (RRR)®!!
criteria, which is sensitive to defects as cation non-stoichiometry, oxygen deficiency or
disorder, especially for SVO grown on STO substrates for which the lattice mismatch f is
large!®!! (f(STO) = +1,59% is larger than f(LAO) = -1,37% , larger than f(LSAT) = +0,65% ,
larger than f(NGO) = +0,52%). The following values of RRR were deduced from transport
measurements in the range 2-300 K: 2.47 (STO100), 2.59 (STO110) and 2.73 (STO111),
indicating a high quality of the SVO films on STO whatever their orientation.

In order to understand the different morphologies and shapes of the NS, we have
investigated the epitaxial relationships between the NS and SVO by TEM measurements.
Figure 3 displays electron diffraction patterns (EDP) of SVO films grown on the different STO
substrates. For the film grown on (100)STO, EDP are taken along the [100] zone axis of the
SVO phase. With the strong reflections of the SVO film, weak reflections from the two
elongated Sr3V»Og variants are observed as depicted by the white square in the figure 3a. The

intensity of these reflections is enhanced after a slight tilt of the sample (see figure 3b) and
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additional reflections, due to the double-diffraction phenomena between two phases having
symmetrical orientation relationship with respect to each other*® appear. In previous studies,
the orientation of the NS was determined from indexation of these reflections as being
[552]SrsV20s direction parallel to the [100]SVO direction?®24. Comparison between pattern of
Sr3V20g and that of SVO confirms the previously established epitaxial relationships between
the two vanadates??*, which are [552]SrsV20sg // [L00]SVO, (110)Sr3V20g // (011)SVO and
(115)Sr3V20s // (011)SVO. The orientation of the Sr3V20s cell with respect to that of SVO is
schematized on the figure 4a. In this scheme, the coincidence lattice between both phases is
drawn by a red square. In particular, the d(110)srav20s inter-planar distance (2.81 A) is close to
the d(110)svo and d(110)svo distances (2.71 A) leading to two equiprobable possibilities for
Sr3V,0g to grow on SVO, i.e. (110)Sr3V20g // (110)SVO and (110)SrsV20s // (110)SVO, and
therefore to the formation of elongated NS 90° rotated with respect to each other. The
mismatches between SVO and Sr3V20g are equal to -3.69 % for one in-plane directions and -
14.39 % in the other one. In addition, high resolution TEM (HRTEM) was performed on the
SVO film. Figure SI-2a is a bright field image of an edge of a fragment showing NS which
partially extend underneath the (100)SVO film. Therefore, HRTEM image of a NS without
subjacent SVO film is recordable in such area, as displayed on figure SI-2b. Fast Fourier
Transform (FFT) of this area shows a rectangular array corresponding to the [552] zone axis of
the SrsVV20g phase (figure SI-2c), while the FFT of the SVO film next to it shows a square
pattern. This result confirms the previously evidenced epitaxial relationship. The area where
the NS is lying on the perovskite displays a Moiré contrast due to the superposition of the
lattices and its FFT displays additional reflections due to these fringes (figure SI-2c). Similar
analysis was done for the film grown on (110)STO (see figures 3c,d). A slight tilt of the
[110]SVO zone axis allows to see additional reflections due to the Sr3VV20g NS, as depicted by
the square in figure 3c and magnified in the inset. Indexation of these reflections highlights that
the phase is oriented along the [554] zone axis, as schematized on the figure 3d. The 110
reflections are in coincidence with the 110 reflections of SVO, while the (225) planes are
parallel to the (001) planes of SVO. The corresponding orientation of the Sr3V20g cell with
respect to that of the SVO cell is schematized in figure 4b. The mismatches between Sr3V>0g
and SVO are equal to -3.69 % for the first in-plane direction and -8.33% for the second one, if
the red subunit cells displayed in figure 4b are considered. The orientation of Sr3V20g with
respect to the SVO phase leads to the following epitaxial relationships between the two

vanadates:
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[554]SrsV20s // [110]SVO
(110)Sr3V20s // (110)SVO
(225)Sr3V0s // (001)SVO

Interestingly, as the in-plane directions of the (110)SVO are anisotropic, only one type of NS
appears along the [110] in-plane direction compared to (100)SVO, which shows orthogonal
NS. Figure SI-2d is a HRTEM image of a NS onto (110)SVO. The SVO film is visible in the
top right corner of this image, while the Sr3V20s is visible in the remaining part of the image,
with Moiré fringes. FFT of this area (figure SI-2e) displays reflections of both phases with the
same orientations as on the EDP displayed on figure 3c. From these results, the elongation

direction of the NS is determined as being [110].

Figures 3e,f give the EDPs of (111)SVO, showing the strong reflections of the perovskite phase
together with weaker reflections due to the elongated NS. Tilting the sample allows to see three
different variants of the Sr3V20s phase with the [551] out-of-plane direction, and an epitaxial
growth due again to the fact that the inter-planar distance d(110) of Sr3V2Os is close to d(110)
of SVO. Since along the [111] zone axis, this distance is equivalent to the d(011) and d(101)
distances, this leads to the formation of three elongated variants rotated by 60° with respect to
each other, as displayed in the AFM image (figure 1c). Figure 3g shows a scheme of the EDP
with the reflections of the SVO film and those of one variant, while the figure 3h displays the

scheme of the EDP with the three variants. The epitaxial relationships are:
[551]SrsV20s // [111]SVO
(110)SrsV20s // (110)SVO
(105)Sr3V20s // (011)SVO

The corresponding cell orientations are schematized on the figure 4c-ll-elongated
nanostructures. The mismatches between SVO and Sr3V20g are equal to -3.69 % for the first
in-plane direction and -14.39 % for the second one.

In order to investigate the hexagonal NS, another area of the (111)SVO film grown on
(111)STO was investigated as seen on figure 5. On the bright field image displayed on figure
5a, one can observe the triangular-shaped Sr3V.Og crystallites which have a slightly darker
contrast than the SVO matrix. Since the Sr3V20g phase possesses the rhombohedral symmetry,
it comes from theses crystallites have grown with the following relationships: [001]Sr3V20s (in
hexagonal settings) // [111]SVO. Since the inter planar distances d(110)SVO= 2.71 A and
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d(110)SrsV20s = 2.81 A are very close, the reflections of the orthovanadate are not visible on
the corresponding EDP (figure 5b). These epitaxial relationships, schematized on figures 4c-I-

triangular nanostructures, are:
[001]SrsV20s // [111]SVO
(110)SrsV20s // (110)SVO
(210)SrsV20g // (011)SVO

The bright field image after tilting of the sample (figure 5¢) shows dense Moiré fringes
in the whole area indicating a large coverage of the triangular-shaped crystallites on the SVO
film as evidenced by AFM (figure 1c). For this out-of-plane orientation, the mismatch between
SVO and Sr3V20s is equal to -3.69 % for the three equivalent in-plane directions. Concerning
the elongated crystallites, some of them are visible on the bright field image displayed on figure
5d, with a dark contrast under some peculiar misorientations with respect to the zone axis. Since
the lattice mismatch is similar for all the directions, this maybe explains why the elongated NS
are less numerous (as they are anisotropic) than the triangular-shaped crystallites as it can be
seen on figure 1c. Figure SI-2f is a HRTEM image of an elongated Sr3V20g NS on (111)SVO.
The superposition of the lattice of this NS onto the SVO film involves Moiré fringes on the
image. FFT of the Sr3V.Og area shows additional reflections compared to the FFT of the SVO
film alone (figure SI-2g) as observed on the EDP on figure 3e,f, with reflections due to the
Moiré fringes. All these measurements have shown the different epitaxial relationships of the
NS on the different orientations of the SVO matrix. As this SVO film can be tuned with different
crystallographic directions, it results different configurations of the elongated NS: alignment
along only one direction of all the NS for (110)SVO, NS orthogonal alignment with (100)SVO
and finally 60° from each other with the (111)SVO. Furthermore for the (111)SVO another type

of NS is stabilized with triangular shape due to strain effect.

In order to observe the different NS, fragment of SVO images have been investigated in
bright and dark field for all the orientations (figure SI-3). These analyses confirm that the

additional reflections observed in the EDPs are due to the NS.

From these crystallographic and epitaxial analyses, some elements can be given relative to the
formation and growth of the Sr3VV2Og nanostructures from the SVO matrix. Apparition of the
nanostructures is a complex problem controlled by thermodynamic and Kinetic driving forces
44-46_ The Sr3V20s nanostructures are generated by a structural phase transformation from cubic

SVO to rhombohedral Sr3VV20s due to oxidation of the vanadium, which seems more stable at
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high temperature than the perovskite phase. The two phases SVO and Sr3V20g present strong
differences: compare to SVO with 6 atoms/cell (cubic phase a = 3.86 A), the orthovanadate
Sr3V20g is a complex phase with 39 atoms/cell, with larger lattice constants (a = 5.62 A, ¢ =
20.1 A). In the diluted NS regime without coarsening, the energy E of a single NS is the sum
of three contributions Esurf the surface energy, Erelax the elastic relaxation energy, and Eedges the
short range contribution of edges. Even if the surface energies of Srz3VV.Og and SVO are not
referenced to our knowledge, some statements can be done from comparative observation of

NS formed in the same growth conditions.

In terms of relaxation energies, a summary of lattice misfits is given in table SI-1, and we
observed in cases of elongated NS (for (100), (110) and (111) SVO matrices), that the longer
direction is always [110]Sr3V20s. This is the direction where the compressive lattice mismatch
is lower inducing elongated nanostructures®-4’. Moreover, the orientations of the growth planes
have been extracted from Fast Fourier Transform (FFT) of the TEM images: Figure SI 2 a,b,c
for 100(SVO) orientation, Figure SI 2 d,e for 110(SVO) orientation and Figure SI 2 f,g for
(111)SVO orientation, and figure 5a-b for triangular nanostructures. The results have been

summarized in the table SI-2 and figures SI-4,5,6.

It results that the growth plane (110)Sr3V20Os is present for all elongated nanostructures and we
can qualitatively conclude that the surface energy of the (110)SrsVV20g growth plane is lower

that other contributions and drives NS elongation mechanism.

For the (111)SVO orientation, the two types of nanostructure are observed (elongated and
triangular one). In this case, there is a competition between the influence of the lattice mismatch

and the surface energy of the growth planes.

An exact interpretation of all NS types in term of thermodynamics, needs both: a
complete study of the coarsening of each NS with their fine geometry; and mechanical
coefficient of materials, and abinitio calculations of surface energies of both materials. We hope
that our present NS panorama for each (100), (110), and (111)SVO films will stimulate such

ab initio calculations.

10
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2- Sr3V20s nanostructures growth on a polycrystalline STO substrate

As observed in the study on the single crystalline substrates, the shape and the
orientation of the NS depend on the crystalline orientation of the SVO matrix through complex
epitaxial relationships. In order to explore the different types of NS available on more exotic
matrix orientations, we have grown a SVO thin film on a CSE STO substrate, and observed the

nanostructures on different grain orientations.

Prior to film deposition, EBSD has been performed on the polycrystalline STO substrate
in order to determine the different orientations of the grains. Red, green and blue colours
correspond to (100)STO, (110)STO and (111)STO orientations, (see figure SI-7a). Other
colours as yellow, purple, pink etc. are attributed to higher index orientations determined by the
stereographic orientation. The same area was again investigated by EBSD after the SVO
deposition (see figure SI-7b). For the determination of the grain orientation, the same
crystallographic phase was used for STO and SVO (space group Pm3m). As it can be seen, the
same colour code of the individual grains is obtained after the SVO deposition, indicating a
coherent growth. Nevertheless, the NS are too small to be detected by EBSD. Therefore, AFM
measurements have been performed on several grains having the different crystallographic
directions determined by EBSD (see figure 6). The same letter has been assigned to each
analysed grain on the EBSD map and on the AFM images (see figures 6 and figures SI1-8 to 10).

According to the stereographic projection unit, the grains coloured in red, green and blue are
(100), (110) and (111) preferentially oriented, respectively, and the corresponding AFM images
(figure 6) show that the NS morphologies and in-plane orientations are similar to those observed
on figure 1, as expected. Therefore, the CSE STO polycrystalline substrate presents the same
characteristics than single crystalline substrates and promotes locally the same epitaxy.

The NS grown on (100)-oriented grains present the same morphology with in-plane 90° rotation
relatively to each other in relation with the previously characterised epitaxial relationships. The
difference in the in-plane rotation between each grain is related to the random orientation of the
grains relatively to each other due to the polycrystalline nature of the CSE substrates.
Nevertheless some NS size difference can also be observed depending on the individual grain
although the same annealing time is simultaneously applied for all the grains. This effect could
be attributed to small misorientations introducing miscuts on the surface which could modify
the surface energy, the growth velocity and the shape of the NS compared to the single

crystalline STO substrates. This statement is qualitatively supported by the small width of

11
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terraces observed on figure SI-1. For growth on (110)-oriented grains, (in green in figure 6),
the same elongated NS along a single direction are observed (figure SI-9). Finally, for growth
on (111)-oriented grains (in blue in figure 6), the triangular shaped NS are mostly present

(figure SI-10) as already observed on single crystal substrates (figure 1c).

AFM images of the grains ¢ and d, that have preferential orientations lying in between (110)
and (111) (figure 6), shows that the NS present also only one in-plane direction of elongation,
as for the (110) orientation. Furthermore, the NS shape tends to be triangular, therefore both
interesting features, i.e. a single orientation with triangular shaped NS, can be obtained from
(110) and (111) orientations.

From (111) to (100) orientations, the density of the NS seems to decrease and a mixture of large
and small NS are present (grains a and b on figure 6).

Finally, from (100) to (110) orientations, the NS shape can be tuned with a triangular shape and
a flat surface, along with an increase of their density and size. Therefore, two interesting
parameters seems to be crucial for the control of the NS: the epitaxial relationships and the
lattice mismatch between the nanostructures and the matrix as determined by the TEM
characterisations. This study on CSE STO substrates with intermediate orientations compared
to high symmetry ones, shows that CSE can be a fast platform for testing thermodynamic and

kinetic of nanostructures formation.

3. Dissolution of the nanostructures

Figure 7 shows the AFM images of the films after water dissolution of NS for different substrate
orientations. On single crystalline (100) and (110) STO substrates, clear imprint features are
observed, associated to the previously presented NS that are half buried in the SVO matrix34%7.
In case of the (111)STO substrate, the dissolution is incomplete with no clear evidence of
imprints due to the presence of NS with their characteristic triangular form. Actually, an
additional time of 30 s under water has been necessary to dissolve entirely the NS in this sample
(figure SI-11) but still without clear imprints in the matrix. Only an elongated NS has left an
imprint after dissolution as depicted by the red circle in figure SI-11. Therefore, the triangular

shaped NS seem to grow on the surface of the SVO film, without the embedding in the matrix.
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For comparison, the dissolution of NS has been performed also on the polycrystalline substrate.
Some areas of interest have been selected and are displayed in the figure 7. As for the single
crystalline (100) and (110)STO substrates, the same morphologies are obtained for oriented
(100) and (110) grains. Moreover, dissolution of NS for the (111) orientation is not complete
although all areas were equally rinsed with the same duration. Interestingly, the dissolution of
such NS correspond to an intermediate area. New imprints are then observed on the surface. A
simple way of preparing the surface of the SVO film to obtain imprint features of the NS in the

SVO matrix is now reachable.

CONCLUSIONS

Oxidation of SrVVOs films leads to the growth of the orthovanadate Sr3V2Og phase in the form
of NS, for which orientations depend on the orientation of the subjacent SrTiOs substrate.
Complex epitaxial relationships were evidenced for all the observed NS variants, with different
crystallites shapes according to the out-of-plane and in-plane orientations: (i) on (100)STO, the
Sr3V20s phase grows as elongated NS along the [552] out-of-plane direction with two
equivalent variants forming a 90° angle; (ii) on (110)STO, the Sr3V.0g phase grows as
elongated NS along the [554] out-of-plane direction; (iii)on (111)STO, the Sr3V20s phase
grows as hexagonal-shaped crystallites along the [001] out-of-plane direction and also
elongated NS along the [551] out-of-plane direction (3 variants). Such particular shapes of the
NS are closely related to the initial orientation of the substrate. Furthermore, we are showing
that polycrystalline substrates are a powerful tool to investigate a large diversity of NS
depending on the orientation of the SVO matrix and provides a fast way to establish a NS
library. Dissolution of the NS have also been performed confirming that most of the NS are
partially buried in the matrix and typical imprints features can be rapidly obtained by controlling
the rinsing time. This work presents a first step to the elaboration and design of self-organized
NS in order to prepare particular surfaces with specific designs for future integration of SVO

or to extend its use to new applications.
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Figure 1. AFM images of the surface of a SVO film grown on three single crystalline STO
substrates with the following orientations: a) (100), b) (110), and c) (111). Sr3V20g NS are
observed with different shapes and sizes.
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Figure 2. XRD patterns of the SVO films grown on various substrates: (a) full angular range
pattern of films grown on (100)-, (110)- and (111)STO. b) Pattern of film grown on (100)STO
around the (200) reflection (log. scale). ¢) Pattern of film grown on (110)STO around the (110)
reflection (log. scale). d) Pattern of film grown on (111)STO around the (111) reflection (log.
scale). A color code is adopted from EBSD where red line corresponds to SVO onto (100)STO,
green line for (110)STO and blue line for (111)STO. For b,c,d, in black is the reference

substrate without film.
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Figure 3. EDPs along the [100] zone axis (a) and slightly tilted from the zone axis (b) of the
(100)SVO film displaying additional Sr3V.Og NS weak reflections close to the strong SVO
reflections, magnified in the insets. ¢) EDP slightly tilted from the [110]SVO zone. d) Scheme
of the experimental EDP: reflections and labels of the SVO phase are displayed in black, those
of the Sr3V20g phase are displayed in red. e),f) EDPs of the SVO films slightly tilted from the
[111]SVO zone axis, showing three series of weak reflections due to the Sr3V20Og NS oriented
along the [551] out-of-plane direction. g) Scheme of the EDP of the SVO film with reflections
of one Sr3V>0g variant (black: SVO; red: first variant the Sra3V20sg of phase). h) Same with

reflections of the three Sr3V20s variants (black: SVO; red, green, blue: the 3 Sr3V20s variants).
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Figure 4. a) Schemes of the epitaxial relationships between the SVO phase (top part) and the
Sr3V20s phase (bottom part) on 100(STO) (a), (110)STO (b) and (111)STO (c). The in-plane

coincidence cell for both phases is defined by dashed red lines for each orientation.
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0.5 um 0.5 um

Figure 5. a) Bright field image of a fragment of the SVO film grown on (111)STO. b) EDP
along the [111] zone axis of SVO. ¢) Bright field of the same area slightly tilted and showing
Moiré fringes. d) Same with another tilt allowing to see the elongated Sr3V.Og NS.
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400.0 nm

Figure 6. AFM images of selected grains of the SVO film onto the polycrystalline substrate
having preferential (100), (110) and (111) out-of-plane orientations and intermediate

orientations.
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Figure 7. In first row, are presented AFM images of SVO films grown onto (100), (110) and
(111)STO single crystalline substrates after dissolution of the NS (a), (b), (c) respectively and
in second row, onto the polycrystalline substrate after dissolution of the NS for the three
standard orientations (100), (100) and (111), (d), (e), (f), respectively. The last image (g)
corresponds to a non-conventional orientation (yellow colored grain noted e in figure 6 as
observed in EBSD map).
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