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ABSTRACT. Tetragonal tungsten bronze phases possess numerous important properties
43 (ferroelectricity, multiferroicity, piezoelectricity, optical non-linearity, electro-optics) that
can be achieved by modifying their composition, in addition to their ability to grow as very
50 anisotropic crystals. In this study, Kss(Taps7Nbg.43)10.99030 tetragonal tungsten bronze

phase thin films have been grown by pulsed laser deposition technique on (001)SrTiO3
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and R-plane sapphire substrates. The films have grown according to two modes with

respect to the substrate surface, ie. as vertical nanorods with the [001] direction

perpendicular to the substrate surface, and as horizontal nanorods with the [001]

orientation parallel to the substrate surface and <310> out-of-plane direction. Both vertical

and horizontal nanorods present epitaxial relationships with the substrates. Careful study

of epitaxial relationships showed a complex growth on both substrates that can be

described in the framework of domain matching epitaxy resulting in several anti-phase

domains formation for both kind of nanorods. These particular configurations are due to

a high degree of coincidence between cations (anions) of the film with those of the

substrate. This study shows the ability of ferroelectric TTB phases to grow as one-

dimensional objects with the possibility to tailor their polarization direction either normal

to or parallel to the substrate surface.

1. INTRODUCTION

Piezoelectric materials produce an electrical signal in response to an applied force. Such
materials are intensively used in numerous fields of the modern society (e.g. actuators, sensors,

transducers for information, communications, industrial automation, medical diagnostics, energy
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harvesters from vibrations, efc.). Most devices use polycrystalline ceramics, in particular lead
zirconate titanate PbZr, ,T1,0O; (PZT) oxides that are up-to-date the most performant piezoelectric
materials!. However, PZT materials contain a large amount of lead which is highly toxic.
Governmental directives in Europe against hazardous substances have restricted the use of lead-
based materials and oriented the research toward the exclusion or substitution of lead in electronic
devices?3. Efforts on new lead-free materials have been mainly devoted to phases crystallizing in
the perovskite structure, like BaTiO3* and (K,Na)NbO; (KNN)!°. Even though they do not have
the highest piezoelectric properties, lead-free materials can show a better efficiency with
limitations of losses in the transfer of energy. State of the art materials may become competitive
with lead-based materials but for limited devices and applications®. Therefore, research on new
lead-free materials is still needed.

Beyond the intrinsic properties of a given composition, the shape of the piezoelectric material is
also subject to intensive research with the development in recent past years of integrated
piezoelectric nanogenerators, that are either based on piezoelectric thin films or on one
dimensional (1D) nanostructures!”’”. However, the piezoelectric performances of films or
nanostructures are lower compared with that of single crystals. In most cases, lead-based and lead-
free 1D nanostructures exhibit a polycrystalline and highly defective microstructure, that is
deleterious for their intrinsic properties®. Therefore, a synthesis method of piezoelectric single-
crystalline nanostructures with controlled orientation (thus polarization direction), with very few
process steps, is of great interest.

In this context, the tetragonal tungsten bronze (TTB) phases, that received little attention up to
now compared to perovskite phases, are subject to increasing researches in reason of their

numerous important properties (ferroelectricity, multiferroicity, piezoelectricity, optical non-
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linearity, electro-optics®'!) that can be achieved by modifying their composition, in addition to
their ability to grow as very anisotropic crystals!>~'4. The crystallographic cell of most of the lead-
free TTB niobates is strongly anisotropic (figure 1a,b) with arrg ~ 12.5 A, and crrg ~ 4 A (space
group (SG): P4/mbm (paraelectric phase) or P4bm (ferroelectric phase with the polarization
direction along the [001] direction)'>.

Their chemical formula is A1,A2,C4B1,B2305, where Al, A2, B1, B2 and C (figure 1c) are
crystallographic sites partially or fully occupied by cations located in squared (A1), pentagonal
(A2) and triangular (C) tunnels formed by B10g and B20g distorted octahedra which are connected
by apices. Al and A2 sites are generally occupied by alkaline (K*, Na*, ...) and alkaline earth
(Ca?', Sr?*, Ba?", ...) cations, whereas B1 and B2 sites are occupied by small and highly charged
cations as Nb>", which can be partially substituted by transition metals cations of different
valences!?. In most TTB compounds, the C sites are empty, but can be occupied by small cations!®.
When all the A1/A2 sites are fully occupied ("filled TTB"), the TTB crystals synthetized by solid
state reaction methods usually grow as rods, the crystallographic anisotropy inducing a
microstructural anisotropy. These rods can be as long as few millimetres, depending on the
elements located in A1 and A2 sites'?>"!4. In a previous work, we reported the growth of about 1
um long Ks o6(Tag 57Nbg 43)10.00030 (KTN) TTB parallelepiped-shaped nanorods (arrg = 12.537 A
+ 0.003 A, crrg =3.975 A £ 0.001 A) on (1102) Al,O; (R-plane sapphire) by pulsed laser
deposition!”. This niobate grows according to 2 modes with respect to the substrate surface: (i) as
vertical nanorods with the [001] direction parallel to the surface substrate normal, and (ii) as

horizontal nanorods with the [001] parallel to the substrate surface, as schematized in figure 2a.

As the physical properties of ferroelectric film depend on the polarization direction,

therefore on the preferential orientation, it is mandatory to know the growth behaviour on
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single crystalline substrates. On the basis of this previous work, we studied here the

structural growth relationships of KTN-TTB films on R-plane sapphire and on (001) SrTiO3

(STO) single crystal substrates, and showed that the films exhibit epitaxial relationships

with both substrates. These two substrates are of great interest. Indeed, in spite of the

difference of the structure of these two substrates, both can promote the epitaxial growth

of TTB oxides, possibly with different state of strains. In addition, whereas SrTiO;3 is a

model substrate for the growth of many oxide thin films and suitable for many applications,

in particular at low frequency, like piezoelectricity, sapphire is available in large

dimensions and suitable for a large variety of applications including high frequency range

thanks to its low dielectric permittivity and low dielectric losses. We describe the epitaxy

relationships and discuss the results in relation with energetically preferential

configurations.

2. EXPERIMENTAL SECTION

The pulsed laser deposition (PLD) target, of composition KTag gsNbg 3503 + 60 mol. %

KNOg3, was prepared by sintering a mixture of KNbO3, KTaO3; and KNO3; powders at 350°C

ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design

for 12 h (KNO3 was used in order to introduce a potassium excess to counterbalance the

depletion of potassium stoichiometry occurring during the deposition, due to the high

volatility of potassium oxide K,O under high temperature)'®. KNbO3 (KTaO3) compound

was prepared by solid state reaction from Nb,Os (Ta,0s) and K,CO3,1.5H,0 precursors

at 1000°C for 12 h. The KNO3, Ta,O5 and Nb,Os oxides were supplied by Alfa Aesar, and

the K,CO3;, 1.5H,0 hydrated potassium carbonate by Fluka. Prior to the deposition, the

target was polished on dry 320 and 1200 grit SiC papers and cleaned by pulsed air.

The substrates were 5x5 mm? single crystalline R-plane sapphire (Al,03(1102), Joint

Committee on Powder Diffraction Standards (JCPDS) card 00-010-0173, SG: R3¢

(N°167), a = 4.758 A, ¢ = 12.991 A) and 5x5 mm? single crystal (001)SrTiO; (labelled

STO: JCPDS card 01-073-0661, SG: Pm3m (N°221), a = 3.905 A), both supplied by

Crystal GmbH Company. They were ultrasonically cleaned in acetone during 5 min, then

in isopropyl alcohol during 5 min, prior to the deposition step.

K-Ta-Nb-O (KTN) films were grown by PLD using a KrF excimer laser (Tuilaser

Excistar, pulse duration of 20 ns, A = 248 nm) operating at 2 Hz with an energy of 210 mJ

(corresponding to a fluence of 2 J.cm=). The target-substrate distance was fixed at 70

ACS Paragon Plus Environment

Page 6 of 51



Page 7 of 51

oNOYTULT D WN =

Crystal Growth & Design

mm. During the deposition (30 min), the substrate temperature (845°C and 865°C) and

the oxygen pressure (30 Pa) were kept constant. After deposition, samples were routinely

cooled from deposition temperature down to room temperature within 30 min, under an

oxygen pressure of 2.67 104 Pa. Scanning electron microscopy (SEM) was performed by

using field emission gun Jeol JSM 6301F and Jeol JSM 7100 instruments working at 7

kV and at 5.0 kV, respectively. Chemical composition of the samples was characterized

by energy dispersive X-ray spectroscopy (EDXS) by using a Jeol JSM 7100 instrument

working at 10 kV equipped with an Oxford Aztec EDS system. The samples were coated

with carbon prior to the analysis. X-ray diffraction (XRD) in 6-26 mode was carried out

using a 0-26 instrument (Bruker AXS D8 Advance) working with a monochromatized Cu

Ka1 radiation and equipped with a 1D detector (192 channels). Data were collected

across a 20 range of 5-80°, using a 0.002° step and acquisition time of 0.3 s/step. Phi-

scans and rocking curves were carried out using a 4-circle texture diffractometer (Bruker

AXS D8 Discover) operating with a Cu Ka radiation equipped with a 1D detector (192

channels). Reciprocal space maps (RSM) of film grown on SrTiO; (respectively on

sapphire) were recorded on the same instrument equipped with a double Ge channel cut
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monochromator (respectively without monochromator); the maps were displayed thanks

to the DxTools free software’®.

3. RESULTS AND DISCUSSION

3.1. Microstructure and preferential orientation

Scanning electron micrographs of KTN-TTB films grown on (001)STO at 845°C and on

R-plane sapphire at 845 and 865°C are displayed in figure 3. Films are constituted of

crystallites with two morphologies: i) elongated horizontal parallelepiped-shaped

crystallites, distributed in two groups of variants growing at 90° from each other, and ii)

vertical parallelepiped-shaped nanorods. On STO, large areas of the substrate are mainly

covered by horizontal crystallites, that are about 1 ym long, 100 nm wide (fig. 3b) and 250

nm thick (fig. Sl.1a). On the contrary, other areas are fully covered by vertical nanorods

(fig. 3a), which are 50 to 100 nm wide, and 50 to 400 nm long (fig. 3b). For the film

synthesized at 845°C on sapphire, the vertical rods have grown on the whole substrate

(fig. 3c). Micrograph performed at a higher magnification on an edge of the samples

shows also the presence of a layer made of horizontal elongated crystallites (fig. 3d). Film
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deposited at 865°C on sapphire presents also two kinds of areas, either covered by

vertical rods or only by layer made of horizontal crystallites. On sapphire, vertical rods are

of 50 to 100 nm wide and 1 um long (fig. 3d and fig. S1.1b). On both substrates, the vertical

crystallites have grown between two adjacent horizontal crystallites.

The average compositions have been determined by EDXS on horizontal layer area

and on vertical rods area (table 1). These measurements show that on a same substrate,

the vertical and horizontal nanorods have similar values of measured composition.

Samples grown on sapphire have the same measured composition, around K: 32 %, Nb:

23 %, Ta: 44 % (+ 3 %) corresponding to a composition ratio around Ks(Tag gsNbg 35)100x,

corresponding therefore to a partially filled TTB where 5 of the 6 A1 and A2 sites are

occupied while measured composition of sample grown on STO indicates a higher

amount of potassium and a slightly different metal ratio Ta/Nb, /.e. K: 38 %, Nb: 26 %, Ta:

35 % (£ 3 %) corresponding to a composition ratio around Kg(TaggNbg4)100x and

therefore to a filled TTB. The difference of composition can arise from to a difference in

temperature leading at the substrate surface possibly to volatility of potassium and film/substrate

diffusion effects as it has been previously observed for other systems20:21,
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Table 1. Average composition of KTN-TTB films analyzed by EDXS.

Page 10 of 51

sapphire_865°C

Nb:23.5+3 %

Ta:456 +3 %

Nb:224+3% |

Ta:46 +3 %

Samples Vertical rods area Horizontal rods area
Measured Composition ratio Measured Composition ratio
composition composition
KTN- K:38.2+3 % Ks.2(Tap 57Nbg 43)10 K:37.5+3 % Ks(Tao.59Nbg 41)10
(001)STO_845° Nb: 26.8 + 3 % Nb: 25.6 + 3 %
C Ta:35+3 % Ta:36.9+3 %
KTN-R- K:322+3% Ka.5(Ta0.6sNbg 35)10 K:33.6 +3 % Ks(Tao.ssNbo 34)10
sapphire_845°C Nb:23.5+3 % Nb: 225+ 3 %
Ta:443+3 % Ta:439+3 %
KTN-R- K:309%3% K4.5(Tap.esNbo 34)10 K:31.6 3% K4.3(TapesNbo 34)4

Figure 4 shows the 6/20 XRD patterns of the KTN/(001)STO and KTN/sapphire films

deposited at 845°C. Pattern of the sample deposited on sapphire at 865°C is similar to
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that grown at 845°C (not shown). As seen in the figure 4a, in addition to substrates

reflections, only 001 and 310 TTB reflections are present for both films indicating that the

TTB film was preferentially oriented along one or the other (or both) of these directions.

Indeed, the lattice spacings dyos and ds4o for a TTB structure are almost equal (for KTN-

TTB phase, d§f? = 3.975 A and dIT8 = ars/n/10 = 3.964 A).

Magnification of the XRD pattern around the 002 and 620 reflections shows that for the

KTN/(001)STO film this peak splits actually into two contributions with lattice spacings d

= 1.992 + 0.005 A and 1.987 + 0.005 A (fig. 4b). This splitting indicates that there are in

fact two out-of-plane orientations in the film, namely [001] and <310>. No splitting is

observed for the KTN/sapphire film deposited at 845°C neither for the one grown at

865°C. This indicates that the lattice constants of the TTB are different on STO than on

sapphire. This can be due either to a different strain state of the film as a function of the

substrate or to the observed difference in composition (table 1). Indexation of these peaks

gives the following lattice constants: arrg = 12.570 £ 0.005 A; orrs = 3.984 + 0.005 A on

STO and crrs = 3.975 A on R-plane sapphire (table 2).
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Table 2. Lattice constants of KTN-TTB phase determined by XRD in 6/26 mode and in

asymmetric mode. The error value is + 0.005 A.

Lattice constants [Lattice constants
Types of nanorods |Measurement
on STO on sapphire

Asymmetric | a¥, =12.550 A  |a¥&% =12.570 A
Vertical nanorods

Symmetric ¥ =3984 A  |¥eL =3.975A

_ Symmetric aloh =12.572 A |aHer = 12,567 A
Horizontal

nanorods . .
Symmetric cier =3.967 A |cMeE =3.970 A

Rocking-curves of the 001 and 310 TTB reflections on both substrates are shown in

figure Sl.2a. The peak of the film grown on sapphire is wider (full width at half maximum

Aw ~ 3°) than the one of the film grown on STO (Aw = 0.9°), indicating for the former a

more important mosaicity, created by slight misorientations of different grown crystallites.

3.2. Epitaxy study

ACS Paragon Plus Environment
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From previous transmission electron microscopy experiments, the growth direction of

vertical nanorods was determined as being [001]'” (see scheme of this orientation in

figure 2a, left). Consequently, the crystallites grown with the out-of-plane <310>

preferential orientation correspond to the in-plane elongated crystallites, as schematized

in figure 2a (center and right). To validate this assumption, phi-scans on vertical nanorods

were performed on {311} planes of the TTB phase, by orienting the sample at 26 = 31.72°

and y ~ 45° (calculated 45.11°), the latter angle corresponding to the angle between the

(001) and {311} planes. For the horizontal rods, phi-scans were performed on {210}

planes of TTB phase, by orienting the sample at 26 = 15.7° and y = 45°, the angle between

{310} and {210} planes being equal to 45°. Figure 5 shows the results on both substrates.

For both substrates, intensities from horizontal nanorods ({210} phi-scan) are weaker than

for vertical nanorods ({311} phi-scan). This difference in intensity is likely related to a

difference of relative intensity between 311 (I = 999) and 210 (I = 379) reflections,

according to the JCPDS card n°01-087-1856 for the KgNb1 88030 compound. In addition,

SEM micrographs in Fig. 3 suggest a higher number of vertical nanorods compared to

horizontal nanorods than can partially explain the differences in intensities for phi-scans.
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3.2.1. Epitaxy of (001)-oriented vertical nanorods

On both substrates, phi-scans performed on {311} planes shows 12 peaks, /.e. 4 peaks

of the same intensity and located at 90° from each other and 8 smaller peaks. The four

most intense peaks are located at the same values of phi (¢) that the {110}STO peaks,

and at + 45° and + 135° of the (0006) sapphire peak. Each smaller peak is located at

about + 37° from a larger peak position. On sapphire, the smaller peaks have an intensity

half that of the largest peaks (Fig. 5a). On STO, it is not possible to determine the relative

intensities of both kinds of peaks due to substrate contribution to the peaks located at

about 0, £ 90 and = 180° (Fig. 5b). Indeed, the reflection parameters for {110}STO planes

are very close to that of the {311}TTB planes, /.e. 20 = 32.42° and y = 45°. Traces of {311}

planes in the (001) plane of the TTB phase are parallel to the <310> directions. Therefore,

the orientation relationships between the <100> direction of the substrate (cubic <100>

for (001)STO, and pseudo-cubic <100> for sapphire) and the <310> directions of the TTB

phase were determined from the phi-scans.
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Figure 6a shows one of the possible in-plane orientations, labelled 1A in the figure. The

tetragonal TTB unit cell is drawn in black lines and its in-plane ([100];[010]) orientation is

defined by the black arrows. This unit cell is in-plane rotated of 18.43° relatively to that of

the substrate drawn in the middle of the figure 6. [130] and [310] directions of the TTB

cell are then parallel to the [100] and [010] STO directions, respectively. With this

particular orientation, it appears that the central square sub-unit defined by the potassium

ions (red dashed lines) is parallel to the STO cell edges. By applying a mirror to this

orientation perpendicularly to the [130] direction, the orientation 1B is obtained (fig. 6b),

which is equivalent and equiprobable to the previous one: the central square pattern is

still parallel to the substrate cell. Thus, 1A and 1B orientations are at the origin of peaks

in the phi-scans located at the same values of ¢ (Fig. 5a, 5b). The out-of-plane orientation

of the variant 1A is [001], while that of the variant 1B is [001]. Orientations 1A and 1B are

anti-phase domains. By applying to the crystal 1A, an in-plane clockwise rotation of ¢ =

53.13°, the orientation displayed in figure 6c¢ is obtained, which corresponds in the phi-

scan to a peak located at A¢ = + 53.13° from the variant 1A peak. With this orientation,

the [310] and [130] directions are then parallel to the [100] and [010] STO directions, and
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in this case, the square pattern located at the vertices of the cell (green dashed lines) is

now parallel to the edges of the substrate cell. This orientation is also equiprobable to the

orientations 1A and 1B.

Actually, this orientation is identical to 1B. By shifting the unit cell origin of 1/2a +1/2b

(shift of the black unit cell to the yellow cell in figure 6¢), the cell drawn in figure 6b is

recovered. By applying to these orientation a mirror perpendicular to the [310] direction,

another anti-phase domain is obtained (figure 6d), identical of the orientation 1A. This last

orientation can also be obtained by rotating the crystal 1B by ¢ = 36.87° clockwise and

corresponds in the phi-scan to a peak located at A = + 36.87° from the variant 1B peak.

Figure 7 shows the corresponding positions in the phi-scans of supplementary rotations

of ¢ = 36.87° and 53.13° applied on the variants 1A and 1B. The most intense peak

correspond to the presence of both orientations at the same phi-value, every 90°. Rotation

of 1A by 53.13° leads to 1B alone while rotation of 1B by 36.87°leads to 1A alone.

Therefore the intensity of the peaks located at these values (relatively to the strongest

ACS Paragon Plus Environment
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peaks) are half that of the strongest peak. This conclusion is validated by simulating the

{311} pole figures for each orientation.

Figure 8 presents the simulated pole figure of orientation 1A, superposed to that of

domain 1B (/e. superposition of domains oriented along [001]); twelve poles are then

observed: four at ¢ = 90° from each other, and for which the intensity is twice that of the

eight other peaks located at ¢ = +36.87° and ¢ = + 57.13° relatively to the four former

peaks. This result agrees with the experimental pole figure displayed in figure 8b. Figure

2b is a schematic representation of these two variants, corresponding to vertical nanorods

oriented on the STO substrate (left panel of the figure). Figure 6e is the superposition of

the variant 1A with the STO lattice showing the coincidence between the unit cell constant

arrg of the TTB cell and the diagonal of 3 x 1 unit cells of the substrate. Coincidence

between the 2 lattices corresponds to ars? ~ asto? + (3as10)2, which leads to grrg = /10

dif ~ +/10asto. The in-plane rotation between the two cells is then equal to

arctan(asto/3asto) = arctan(1/3) = 18.43°. Therefore, each anti-phase domain

corresponds to a disorientation of the TTB cell of + 18.4° relatively to the substrate cell.

The epitaxy is due to the small lateral mismatch value determined by the following
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relation: ((asto — d318)/ asto) x 100 = - 1.5 % (on sapphire, the lateral mismatch value is
about -13.3 %, considering the pseudo-cubic lattice constant &sapphie = 3.5 A). The
epitaxial relationships are:

(001)TTB // (001)STO

<310>TTB //[010]STO

<130>TTB // [100]STO

Figure 6f is the picture of domain 1A in cross-sectional view (the two variants are
equivalent), showing that the interface between the crystallites and the substrate is
expected to be flat. The rocking curves of the {311} orientations, were measured on both
substrates (figure S1.3b). Film mosaicity is of Aw ~ 3° on sapphire and Aw ~ 0.4° on STO,
respectively which indicates again a more important disorientation of the nanorods on

sapphire with respect to their growth direction, than on STO.

3.2.2. Epitaxy of (310)-oriented nanorods
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Phi-scans performed on {210} planes of the TTB on both substrates are shown in figure

5. One can observe 90°-spaced four peaks of same intensity, at the same azimuths that

the ones of {110}STO, and at + 45° and * 135° of the (0006)sapphire peak, respectively.

This result confirms that the in-plane elongated crystallites observed by SEM are out-of-

plane oriented along the <310> directions. The peaks at 0 and 180° correspond to the

variants labelled 2A and 2B in figure 2b, and the 2 other peaks are related to the variants

(labelled 3A and 3B, fig. 2b) which is in-plane rotated by 90° relatively to the former one.

Intersections of {210} planes with the (001) plane of the TTB phase are parallel to the

<310> directions. Therefore, the orientation relationships between the in-plane [001]

direction of the TTB phase and the in-plane <001> cubic (or pseudo-cubic) directions of

the substrate can be determined from the phi-scans. Figure 9 is the corresponding

scheme of the interface in cross-sectional view between the horizontal nanorods and the

substrate. Similar results are obtained by considering the pseudo-cubic cell of the

sapphire (cf. figure SI.3), except that the TTB cell is slightly disoriented of about 4° due

to the angle between (1102) and (0112) planes of sapphire (94°). This result is fully in

agreement with the high resolution transmission electron microscopy (HRTEM)
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micrographs published by Jia ef a/??2 on a CagsBag72Nb,Og (CBN) thin film grown on

(001)STO by PLD. Figure 9 shows the two variants 2A (fig. 9a) and 3A (fig. 9b); both have

the same out-of-plane growth direction, namely [130], but are in-plane rotated from each

other by 90°, the growth direction being the rotation axis.

These two variants are equivalent and equiprobable. The [001] and [310] directions of

variant 2A are parallel to the @ and b substrate directions, and similarly, the [310] and

[001] directions of variant 3A are parallel to the @ and b substrate directions. By applying

a vertical mirror perpendicular to each direction, two other equivalent variants, 2B and

3B, are obtained as schematized in figure 2b. These variants are also anti-phase

domains. One can observe here also that the square patterns located at the cell vertices

(drawn with dashed lines in figure 9a) are parallel to the cubic cell of the substrate. As

shown in fig. 9a, the orientation of both cells relatively to each other and their respective

complex crystalline structures lead to a rough interface based on a substrate surface

made of half-cell steps and terraces, as pointed out in the work of Jia ef a/?? Figure 10

presents these two same variants in plane-view, showing that the lattice constant c of the

TTB phase is systematically parallel to one of the substrate lattice constants. Pole figures
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for these orientations were computed (fig. 10c and d) and superposed (fig. 10e): the

obtained figure presents four poles oriented at 90° from each other, in agreement with

oNOYTULT D WN =

11 the {210} phi-scan in the figure 5. The epitaxial relationships are:

14 {310)TTB // (001)STO

18 [001]TTB // <100>STO

21 <310>TTB // <010>STO

28 In the elongation direction, the lateral mismatch is equal to ((asto - ¢rre)/ @sto) x 100 =

- 1.79 %; in the other in-plane direction the mismatch is equal to ((asto - d318)/ asto) x

35 100 = - 1.5 %. Although the above determined mismatches are small, there is no obvious

lattice coincidence between the TTB and substrate cells across the interface, as

42 schematized in fig. 9a. For sapphire, these two values are about -13.6 and -13.3 %,

respectively. The rocking curves of the 210 reflections were measured on both substrates

49 (figure Sl.3c). Film mosaicity is Aw ~ 3.5° on sapphire and Am ~ 0.6° on STO, respectively,

enlightening again that crystallites on sapphire present larger disorientation relatively to

56 the substrate than on STO.
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3.2.3. Lattice constants

Although the KTN-TTB phase grows with epitaxial relationships on both substrates, the

important difference between the relative mismatch values indicates that the film on STO

is expected to be more strained than the film on sapphire. In order to confirm this point,

the out-of-plane and in-plane lattice constants of the two kinds of nanorods (/e.

horizontally and vertically grown) were measured on both substrates. In addition to the

out-of-plane lattice constants determined by symmetric 6/26 experiments (figure 4, table

2), asymmetric 6/20 scans and RSMs were recorded to measure the in-plane lattice

constants of the phase, and compared with schemes of the reciprocal space for each

variant. Figure 11 shows the symmetric (002)STO (fig. 11a), and asymmetric (103)STO

(fig. 11b) and (133)STO (fig. 11c) maps. In the (002)STO map, the (002)y,, (variant 1A)

and (620)yor (2A,3A) reflections of the TTB phase are observed in agreement with the

0/26 scan displayed in figure 4 and to the scheme of the reciprocal space shown in the

right part of the figure (in addition, several asymmetric maps are schematized in the figure

11b in which the reflections that appear in the (002) map (figure 11a) are encircled in
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blue). In the experimental (103)STO map (left map in figure 11b), the reflections due to

the TTB phase are observed below that of the substrate. A second map focused on these

film reflections was recorded in a mode that allows better signal to noise ratio conditions

(right map in the figure). The reflections that appear in the (103) map, namely (313)ye

(variant 1A), (680)4or (2A) and (391)nor (3A) are encircled in red in schemes of the

reciprocal space areas in figure 11b, and resulting superposition is displayed in the right

panel of this figure. This scheme shows that (313)yer and (391)y, reflections are

superposed while the (680)y,, reflection is located just below the two previous ones.

Therefore, it is not possible to distinguish unambiguously the reflections due to the vertical

1A and horizontal 3A crystals, consequently the measurement of the lattice constant of

vertical crystal is not possible. Therefore, a third map was recorded by considering the

orientation described in figure 6e, and obtained after an in-plane rotation ¢ of the sample

of 18.4° relatively to the angular position corresponding to the (103)STO map. In this

case, the (133)STO map is obtained and only the vertical crystallites are able to diffract.

Figure 11c shows this experimental (133)STO map, where both expected reflections (film

and substrate) are observed, together with a second map focused on the film reflection,
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indexed as being (0 103)TTB reflection, as depicted in the scheme of the reciprocal space

displayed in fig. 11c. From this result, the corresponding in-plane lattice constant is equal

to a¥eh = 12.55 A.

Concerning the horizontal crystallites, the lattice constant 595 is equal to 3.967 A from

an asymmetric (210)STO scan that shows both reflections (621)n,, and (312)yer (figure

Sl.4). RSMs were also recorded on the film grown on sapphire, but with Cu Ka.q,a, beam

(figure SI.5). Indeed, with the use of the monochromator, the film reflection intensity was

too weak to be detected, due to the small thickness and/or the mosaicity impact. One can

observe in the symmetric map of KTN/sapphire (figure Sl.5a) that the (002)ye film

reflection is not vertically aligned with the substrate reflection. This misorientation (about

4°) is due to the pseudo-cubic cell of sapphire that forms an angle of 94° instead of 90°

and induces an inclination of the above film cell (¢ scheme in figure SI.3).

All the determined lattice constants on both substrates are listed in table 2. On sapphire,

the lattice constants arrg and crrg are approximately the same for both horizontal and

vertical nanorods. On STO on the contrary, the crrg lattice constant is slightly lower for

the horizontal rods, than for the vertical rods, and accordingly the arg is higher for the
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horizontal rods than for the vertical rods indicating an in-plane compressive state of both

kinds of rods. These results are in agreement with the small mismatch values determined

for film grown on STO, while the films grown on sapphire are fully relaxed in reason of the

large mismatch values. This also explains the greater crystallites disorientation on

sapphire leading to the broadening of the rocking-curve.

3.3. Horizontal versus vertical nanorods

Since the determined lattice constants are rather similar for both kind of crystallites

(vertical vs horizontal rods) whatever the substrate is, and since both kind of crystallites

are growing on both substrates, it appears that the epitaxial mismatch is not at the origin

of the growth of one kind of rods rather the second one. Infortuna ef a/. have demonstrated

the influence of the last atomic plane of the STO substrate on the growth of Sr,Ba; xNb,O¢

(SBN) TTB phase??: if the substrate is terminated by a SrO plane, growth of a (001)-

oriented columnar film is observed, while for TiO,-terminated plane, {310}-oriented rods

are observed. Inversely, Jia ef a/?? have shown that the growth of (001)-oriented domain

of CBN, TTB is preferential on TiO,-termination in reason of a better atomic matching in
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this configuration than on SrO-plane. Although these results look antagonist at the first

sight, they deal with two different compounds, that were moreover deposited at very

different partial oxygen pressures (between 200-400 mTorr for the former and at 1.5

mTorr for the latter) and at different deposition temperatures (between 730-760°C for the

former and between 600 and 800°C for the latter). Indeed, Ebina ef a/. have shown that

for SBN (x = 0.5) films grown on (La,Sr)TiO3; substrate, the preferential orientations

depend both on the oxygen partial pressure and on the deposition temperature?*. We

have made preliminary experiments showing that the surface termination of the STO

substrate is a key parameter for the growth of KTN TTB nanorods either vertically or

horizontally. TiO,-terminated surface involves the growth of horizontal rods only (these

results are not shown here, and will be the subject of another article). The TTB phases

often show an anisotropic growth with the ¢ axis being the elongation direction. This

particular growth has been observed for materials obtained as powder, anisotropy of

particles being reinforced by different synthesis processes'?25-27, Concerning thin films

of TTB phases, growth of epitaxial layer according a Volmer-Weber mode was reported

by only 3 groups, with either growth of horizontal rods by sol-gel method?82°, and by PLD
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after chemical treatment of the surface??, or columnar growth by PLD?330. As far we

known, our study is the only one dealing with vertical nanorods perfectly isolated from

each other.

3.4. Anti-phase domains

Previous studies on (001)SBN and CBN TTB thin films grown on (001)STO,

(001)LaNiO3/CeO,/YSZ/Si and (001)MgO substrates have shown that films form in-plane

antiphase domains as observed in the present study2021.28-35. On MgO in particular, 3

kinds of domains have been determined, whatever the synthesis method is, with 0°, +

18.43° (= arctan(1/3)), et £ 30.96° (= arctan(3/5)) in-plane orientations (sometimes

simultaneously) relatively to the main directions of the substrate. Growth on MgO of

domains turned by + 18.43° is considered as a minimal electrostatic energy

configuration3!. Willmott ef a/ have shown that the proportion of each domain (0°, +

18.43°, £ 30.96°) in a same film of SBN was a function of the amount x, with a

predominance (~ 90 %) for domains at + 18.43° for x > 0.55%, although this is the

configuration for which the mismatch is the most important. On the contrary, on STO, only
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the domains oriented at + 18.43° in the plane have been observed (with mismatch values

of 0.83 % and 1.58 % for CBN)22:23, in agreement with our results. No results on sapphire

have been reported so far.

The factors that control the epitaxial growth are the misfit along the interface, the density

of coincident atom sites at the interface and the nature of the chemical interaction at the

interface3839, In case of usual (001)ABO3 perovskite growth on (001)A'B'O3 perovskite

substrate (for instance, KNbO3; on SrTiO3; which is a system chemically close to the

present one), the epitaxy is characterized by a cube-on-cube growth and an alignment of

the perovskite subunits (PSU) of the substrate with those of the film at the interface. This

results in the following sequence of layers at the interface: BO,/AO/BO,/A'O/B'O, or

BO,/AO/B'O,/A'O (for instance TiO,/SrO/TiO,/KO/NbO, or TiO,/SrO/NbO,/KO).

Regarding the epitaxial growth of the KTN TTB phase on STO, three different epitaxy

configurations can be examined: i) a cube-on-cube growth with the tetragonal TTB cell

parallel to the STO cell, corresponding to the growth on one cell of TTB on nine cells of

STO, ii) a TTB PSU growth on STO PSU, iii) a domain matching epitaxy (DME, see

below). We have calculated the mismatch of these 3 configurations (cf. table 3).
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Table 3. Mismatch values between TTB cell and STO cell for the three different epitaxy

configurations.
Out-of-plane | Cube-on-cube TTB PSU on STO | DME mismatch
orientation mismatch PSU mismatch
(001) -7.01 % -0.38 % -1.52 %
(130) -7.01 % -0.38 % -1.52 %
-1.79 % -1.79 % -1.79 %

If the lattices were superposed cube-on-cube (/.e. one cell of TTB on nine cells of STO),

the mismatch will be equal to Aala = (3asto-arts)/3asto = -7 % (12.2 and -19.4 % in the

case of sapphire). In the case of SBN grown on (001)MgO, the mismatch would be equal

to -1.1 % if the film follows such configuration whereas it is equal to -6.2 % for the

experimental growth actually observed with in-plane domains at + 18.43°32, Therefore, it

may be surprising to observe such growth if only the lattice coincidence is considered,

but cube-on-cube growth will actually result in a charges conflict at several lattice
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positions. Jia ef al. have simulated the cube-on-cube configuration for CBN TTB on STO

and shown that there were no coincidence between both lattices?2.

It could be expected that the perovskite sub-units of the TTB cell are aligned on the

perovskite cell substrate (which is actually not what it is observed here). The TTB PSU

have for dimensions 3.92 A in the (a, /) plane and 3.975 A along ¢, which would

correspond to mismatch values of Aala = (asto - a@rre-psu)/@sto = -0.38 % for the vertical

nanorods, and -0.38 % and -1.79 % for the horizontal nanorods if a TTB PSU was grown

on a STO PSU. These mismatch values are very small. We have simulated this

configuration, Ze. (001) TTB PSU on (001)STO PSU for cations and oxygen ions of both

structures (fig. 12a and 12b). It is observed that this configuration presents actually a poor

degree of coincidence between cations and anions of both structures. As seen above, the

experimental results have shown that the actual configuration for the (001) texture, is the

coincidence of the lattice constant arrg of the TTB cell with the diagonal of 3 x 1 unit cells

of the substrate (Figure 6e), indicating that the growth is governed by other phenomena.

The complex epitaxy observed here can be described in the framework of the domain

matching epitaxy (DME), in which the epitaxial growth is governed by domain orientation
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relationships where m lattice units of the film match with p lattice units of the substrate,

with in our case an in-plane rotation of the epilayer relative to that of the substrate39:40.

Zheleva ef al have shown that the DME takes place because this configuration is

energetically favourable compared to the lattice epitaxial growth38.

Jia ef al. have shown that the epitaxy of CBN on STO in the form of domains oriented

at 18.43° corresponds to a high degree of coincidence between the cations of the TTB

phase and that of the substrate, and that is the same for oxygen anions of the two

structures?2. In particular, there is a coincidence of the cations located on the A1 sites of

the TTB phase with the Srions of STO, and a good match between the A2 cations with

the Srions. Regarding the B1 and B2 cations, there is coincidence with the Ti cations of

the substrate for 20 % of them, a good match for other 20 %, and no match for the

remaining 40 %. Finally, for the <310>-oriented domains, the faceting allows the interface

planes to avoid the areas of the structure where there is a bad lattice fit. Similarly to CBN

on STO, we have simulated the growth of (001) (fig. 12c¢,d) and (310) (figure SI.6) KTN

TTB phase in plane-view with respect of cations and anions positions relatively to those

of the substrate. Actually, if we observe also a coincidence between A1 of (001) TTB with
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the cations of (001)STO, the matching between the B1/B2 sites of TTB with the Ti cations
of STO is less good for KTN than for CBN (fig. 12c), and the coincidence sites of oxygen
ions (fig. 12d) are less numerous than for the cations lattices. Mismatches between CBN
and STO are equal to - 0.83% and 1.58 %, whereas our results for KTN on STO leads to
values of -1.52 % and -1.79 %. Concerning the (310) growth, the coincidence between
elements of the film and those of the substrate in plane-view is clearly evidenced in the
figure S1.6. In addition, if there is no obvious coincidence in cross-sectional view between
film and substrate (fig. 9a), one can observe a lattice coincidence between the TTB phase
and the substrate along the orange solid lines drawn in the figure 9a, corresponding to
the (210)+1g planes, on which the cations of both structures are perfectly aligned, at least
in the first cell layer of the film. These lines are aligned along the <011> STO direction,
thus tilted by 45° relatively to the substrate surface. Therefore, we observed here, instead
of the usual matching between the out-of-plane edges of the substrates cell and those of
STO TTB

the epilayer, a 'tilted epitaxy' with the following matching d3i¢ (=11.04 A) ~ 2d118 (= 11.24

A).
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5. CONCLUSION

In conclusion, we have reported the growth of epitaxial KTN tetragonal bronze films by

pulsed laser deposition. Characterization by scanning electron microscopy showed films

made of horizontal and vertical nanorods. X-ray diffraction analyses evidenced that the

horizontal rods have a <310> out-of-plane preferential orientation while the vertical

nanorods have a [001] preferential orientation. In both cases, the nanorods exhibit

complex epitaxy relationships with the two studied substrates, 7e. (001)SrTiO3 and R-

plane sapphire. For the [001] growth, antiphase domains rotated in-plane by * 18.43° with

respect to the <100> direction of the cubic (or pseudo-cubic for sapphire) of the substrate

were observed. For the [310] growth, antiphase domains are also observed, and they are

also rotated out-of-plane by + 18.43° with respect to the out-of-plane direction of the

substrates. The [001] is then parallel to the substrate surface. The different possible

configurations result in 6 variants on the same substrate. Among different models, this

complex epitaxy is best described in the framework of the domain matching epitaxy, for

which the degree of coincidence between cations (anions) of the film and those of the

substrate is much higher than other possible epitaxy configurations. Since the polarization
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direction of ferroelectric TTB phases are along the [001] direction, it is observed here the

possibility to tailor this direction with the deposition temperature or the substrate surface

preparation. Indeed, the ability of this phase to grow as vertical isolated nanorods opens

interesting perspectives as potential materials for integrated piezoelectric nanogenerators

or nanotransducers for stimulation in nanomedicine.
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Complex epitaxy of tetragonal tungsten bronze K-Ta-Nb-O nanorods
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Growth of horizontal and vertical tetragonal tungsten bronze K-Ta-Nb-O nanorods on SrTiOs
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Figure 1. a) Projection of the KTN-TTB structure along the [001] direction. b) Projection of the TTB KTN
structure along the [100] direction. c) Scheme of the TTB structure displaying the crystallographic sites.
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Figure 2. a) Scheme of the different orientations of the vertical and horizontal nanorods on the substrate. b)
Scheme of all the possible orientations of the TTB phase on the substrate: on the left, vertical nanorods with
two variants (labelled 1A and 1B), and on the right, horizontal nanorods with four variants (labelled 2 to 3).
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Figure 3. SEM micrographs at two different magnifications of KTN-TTB film deposited on (001)STO at 845°C
(a,b), and of KTN-TTB films deposited on R-plane sapphire at 845°C (c,d) and at 865°C (e,f).
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45 Figure 4. XRD patterns in 6/268/2 mode of the KTN-TTB films deposited on (001)STO (blue curves) and on R-
46 plane sapphire (red curves): a) full-scale patterns; b) same patterns in 26 = 44-48° range. The peaks are
47 indexed according to the TTB structure (+: STO; *: sapphire).
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Figure 5. (a) Phi-scans of KTN/sapphire film, carried out on (0006) sapphire plane, {210}TTB planes of the
horizontal nanorods, and {311}TTB planes of the vertical nanorods. (b) Phi-scans of KTN/STO film, carried
out on {011}STO planes, {210} TTB planes of the horizontal nanorods, and {311}TTB planes of the vertical
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32 Figure 6. (a-d) Scheme of the two in-plane variants of the vertical nanorods on (001)STO, labelled 1A and
1B. The TTB cell is drawn with black solid lines. The orientations 1A (a) and 1B (b) correspond to two anti-
phase domains related to each other by a vertical mirror plane. In these cases, the central sub-cell (red
34 dashed lines) is parallel to the directions [100] and [010] of STO (STO cell is drawn in pink in the middle of

35 the panel and in fig. 6e). c) Orientation 1A after an in plane rotation of + 53.13°. The shift of the unit cell

36 (black cell to yellow cell) shows that this orientation is identical to the orientation 1B displayed in fig. 6b. d)

37 Orientation 1B after an in plane rotation of + 36.87°. The shift of the unit cell (black cell to yellow cell)

38 shows that this orientation is identical to the orientation 1A displayed in fig. 6a. (€) Superposition of the TTB

39 phase on the STO lattice, showing the disorientation of 18.43° between the two cells. (f) Scheme of the
domain 1A on STO in cross-sectional view.
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Figure 7. Occurrences of the different in-plane orientations of the vertical nanorods relatively to the
experimental corresponding phi-scan around {311}TTB planes.
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18 Figure 8. a) Modeling of {311} pole figures of the TTB phase oriented along the domains 1A and 1B, and
superposition of the pole figures two by two. b) Experimental pole figure of {311} planes of the vertical
nanorods.
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Figure 9. Modeling of the orientation of horizontal nanorods (light grey) on (001)STO (dark grey) in cross-
sectional view: the variant 2A (a) is equivalent to the variant 3A (b) by rotation of 90° along the growth
direction.
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Figure 10. Modeling of the orientation of horizontal nanorods on (001)STO in plane-view (TTB cells are
drawn with solid lines): the variant 2A (a) is equivalent to the variant 3A (b) by rotation of 90° along the
40 growth direction. Modeling of the pole figures of the TTB phase oriented along the domains 2A (c) and 3A
41 (d) and superposition of both pole figures (e).
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Figure 11. Reciprocal space maps of the KTN-TTB film on (001)STO: a) (002)STO RSM and corresponding
scheme of the reciprocal space area. (b) (1 03)STO and (31 3)TTB RSMs and corresponding schemes of the

reciprocal space areas. (c) (1 33)STO and ((10) 0 3)TTB RSMs and corresponding schemes of the reciprocal
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40 Figure 12. Superposition of the cationic (a) and anionic (b) lattices of the TTB and STO phases in the
41 configuration in which (001) TTB perovskite sub-unit are aligned on (001) STO perovskite unit.

Superposition of the cationic (¢) and anionic (d) lattices of the TTB and STO phases with an in-plane
disorientation of 18.43° between both cells (cells are drawn with solid lines: TTB (dark, STO (grey)).
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