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Highlights

e KNbO; films grown on two-dimensional Ca,Nb;0;, nanosheets covering glass substrate.
e (001) preferential orientation induced by subjacent nanosheets layer.
e Similar microstructure as epitaxial film grown on (100)SrTiOs.
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KNbO; films have been deposited by pulsed laser deposition on glass substrates covered by
Ca;Nb3O19 nanosheets used as seed layer, for the purpose of promoting (001) preferential
orientation. Nanosheets have been prepared by the exfoliation process of HCa;Nb3zO4 phase
that is obtained by cation exchange of the Dion-Jacobson KCa;Nb3O1 phase in an acidic
solution. Electron diffraction in transmission electron microscopy performed on KCa;Nb3O1g
and HCa;Nb3zOy1p powders, and on Ca;Nb3zOi9 nanosheets revealed formation of local
superstructures that are not detected by X-ray diffraction due to the weakness of
superstructure reflection intensities. Nanosheets were deposited on substrates using the
Langmuir-Blodgett method. A smooth covering of the surface was shown by atomic force
microscopy. 200 nm thick KNbO; films have been grown by pulsed laser deposition on
CayNb30410-NS/glass and on (001)SrTiO3 substrates for comparison. Substrates covered with
nanosheets induced highly textured (001)-oriented thin film, which possesses a similar

microstructure as epitaxial film on single crystalline strontium titanate substrate.
1. Introduction

Downscaling in microelectronic undergoes certain limitations; therefore, solutions are
required for the development and the integration of innovative properties (“More than Moore”
concept) [1]. One of the solutions possible is to provide solutions for the growth of high
quality complex oxides with multifunctional properties on low-cost substrates and for large
surface electronic. The previously mentioned materials are often optimized by epitaxial
growth on relatively expensive single-crystalline substrates, which offer a limited choice of
materials and crystallographic orientations. Nanosheets (NS) are an eminent alternative to
single-crystalline substrates; moreover they can be used as seed layers to induce epitaxy of
complex oxides thin films. These NS are crystalline template of molecular thickness (oxide
NS) with a lateral size that ranges between 100 nm and a few micrometers. In the past few

years, various types of NS have been synthesized, including Tig.s70.>%* [2,3], MnO,>* [4] or
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KosNbgO17>% [5]. The NS used in this study are Ca,NbsOyo exfoliated from the layered
perovskite Dion-Jacobson phase KCa;Nb3Oio (KCN) [6,7]. Several oxide films (LaNiOs,
TiO,, Pr(Ca,Sr)TiOs, Pb(Zr,Ti)Os, SrTiO3; (STO), CaBisTisO15, NajxKxNbO3) were grown
with a preferential orientation on glass substrate by the use of Ca;Nb3O1-NS as a seed layer
[8-14]. The structure of KCN is monoclinic (P2:/m, a=7.741 A, b =7.707 A, ¢ = 14.859 A,
£ = 97.51°, JCPDS card N°01-075-9853); furthermore, it could be described in a larger
tetragonal cell with lattice constants a = 7.727 A, b = 29.466 A [6,15]. The structure consists
of two-dimensional perovskite slabs interleaved with K* cations. The slabs are made of three
NbOg corner-shared octahedra layers. After exfoliation, the NS have square lattice parameters
ans = 3.854 A that are similar to those of the perovskite type material such as KNbOs; (KNO)
(apc = 3.971 A, by, = 4.027 A, c,c = 4.045 A [16]). KNO is a ferroelectric material with
moderate dielectrics permittivity values and high electro-optic coefficient, which could be
promising for linear and non-linear optics [17,18]. Furthermore, this material possesses high
piezoelectric and large electro-mecanic constants, which is interesting for acoustic waves
applications [19]. In this study, KNO thin films were deposited by pulsed laser deposition
(PLD) on glass recovered by Ca,Nb3O10-NS, and on pristine single-crystalline (001)SrTiO3
substrate for the purpose of comparison. Consequently, highly textured thin films have been
obtained due to the low lattice mismatch between the NS lattice and KNO. This study
demonstrates-the possibility to integrate functional (001)-oriented KNO thin films of high

quality on amorphous glass substrates using Ca,Nb3O10-NS layer as a buffer template.
2. Experimental procedure
2.1. Synthesis and deposition of Ca;Nb3O;o” nanosheets on glass substrates

Powder of KCN oxide was synthesized by solid state reaction. K,CO3; (Acros Organics, 99

%), Ca,CO3 (R.P. Normapur, 99.5 %) and Nb,Os (Alfa Aesar, 99.5 %) precursors were ball-
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milled in ethanol for 5 h before a 10 hours thermal treatment at 1100°C. According to Ebina
et al.'s method [20], the KCN oxide was then proton-exchanged in 6 M HNO; for 3 days. The
protonated phase was exfoliated by its reaction with tetra(n-butyl)ammonium hydroxide
(TBAOH) in a molar ratio 1:1, for 14 days. The obtained (TBA)Ca;Nb3O19 NS were
deposited on a low expansion fused silica (glass) substrates (OHARA, S-TIH-53, 10x10 mm?)
using Langmuir-Blodgett method with a KSV NIMA instrument, as stated by Dral et al. [21].
A heating treatment at 110°C and an UV treatment were carried out to stick NS at the

substrate surface, by decomposing TBA™ ions and evaporating water [22].
2.2. Elaboration of KNO thin films by PLD

The ceramic target was prepared using KNO powder synthesized by a solid-state reaction at
1000°C for 12 h in air using niobium oxide Nb,Os (Alfa Aesar), hydrated potassium
carbonate K,CO3 1.5H,0 (Alfa Aesar) powders. The aforementioned components were mixed
in a planetary ball mill for 25 min at 400 rotations per minutes speed (PM100, Retsch);
subsequently, the powders were K-enriched with potassium nitrate KNO3 powder (Prolabo),
in order to balance the potassium loss during laser deposition due to the volatility of K;O.
Afterwards, the powders were uniaxially pressed into 25-mm-diameter targets and annealed at
500°C in air for 6 h. The KNO thin films were deposited by PLD technique on the glass
substrates (surface: 10x10 mm?, 2 mm thick) uncovered and covered by Ca,Nb3;O10-NS, and
on 5x5 mmz, 0.5 mm thick (001)STO (Pm-3m, a = 3.905 A, JCPDS card N°01-073-0661,
Crystal GmbH). Prior to KNO deposition, STO substrates were successively ultrasonically
cleaned in acetone for 5 min and in isopropyl alcohol for 5 min. The KNO ceramic target was
ablated with a KrF excimer laser (Coherent company, pulse duration 20 ns, A = 248 nm) set at
energy: 225 mJ, fluence: 2-3 J.cm™, and a 2 Hz frequency. The KNO films were grown at a

substrate-target distance of 60 mm under 30 Pa oxygen partial pressure during a deposition
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time of 15 min. Using a pyrometer, the temperature measured at the substrate surface was

550°C for deposition on STO and 600°C for film on glass.
2.3. Powders and thin films characterizations

X-ray diffraction (XRD) characterizations of powders and thin films were carried out using a
020 Bragg-Brentano diffractometer (Bruker AXS D8 Advanced) working with a
monochromatized Cu Kal radiation and equipped with a 1D detector (192 channels). Rocking
curve was carried out on thin films using a four-circle texture diffractometer (Bruker AXS D8
Discover) operating with Cu Ka radiation in 6-26 and m-scan mades, and equipped with a 1D
detector (192 channels). The surface morphology of the NS deposited on glass by Langmuir-
Blodgett method was investigated by Atomic Force Micrescopy (AFM) using a NT-MDT
Ntegra instrument in tapping mode. Scanning electron microscopy (SEM) has been performed
with a field emission gun Jeol JSM 7100.instrument working at 10 kV (for films grown on
STO) and 5 kV (for films grown on glass), respectively. Compositional analysis were
performed on carbon-coated powders with an energy dispersive X-ray spectroscopy detector
coupled to the SEM (SEM-EDXS, SDD X-Max 50 mm?, Oxford Instruments). Transmission
electron microscopy. (TEM) experiments were performed by using a LaBg Jeol 2100
instrument equipped with an Oxford Aztec 80 mm? SDD device for EDXS analysis (TEM-
EDXS). Transmission electron bright field and electron diffraction patterns (EDPs) were
recorded using a GATAN Orius SC200D charge coupled device camera. Powder samples for
TEM were prepared by crushing the powder in a mortar in ethyl alcohol. A droplet of the
obtained suspension was then put on an amorphous carbon copper grid (Agar). NS sample
was prepared by dripping a droplet of the diluted colloidal suspensions on the same kind of

grid.

3. Results and discussion
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The XRD patterns of KCN and HCa;Nb3zO10 (HCN) powders are shown in Fig. 1. Pattern of
KCN is indexed considering the previously mentioned monoclinic structure. The pattern of
the protonated powder, after 72 h in acid, displays the peaks of the HCN.1.5H,0 phase (a =
3.854 A, ¢ =16.225 A, Joint Commitee on Powder Diffraction Standards (JCPDS) card No.
00-39-0915) [23]). Compared to the parent phase, the (00l) peaks of HCN are shifted toward
higher angles, due to the increase of the interlamellar space induced by the K* exchange by
H* ions and the insertion of water (Hs0"), from d““"(002) = 14.73 A to d"“N1°(001) = 16.22

A

After drying the powder at 80°C for 2 hours, two dehydrated phases are obtained, namely
HCN.0.5H,0 (a = 5452 A, ¢ = 14.414 A, P4/mbm, JCPDS card No. 01-077-4249,
interlamellar space d"“™%°(001) = 14.41 A [23,24]) with an intermediately hydrated phase,
HCN.xH,O (interlamellar space d"°N*(001) = 15.14 A) that corresponds to the insertion of
approximatively one molecule of water. Indeed, the insertion of water molecules inside the
lamellar compound induces shift of perovskite sheets that involves changes of coordinence for
the molecules and modifying the value of the lattice constant c. Interestingly, the dehydration
and hydration phenomena are perfectly reversible; the dehydrated powder was set under a
moist atmosphere ‘in an oven; consequently, the peaks shift again to a lower angle as

displayed on Fig. 1. This phenomena is similar to the one observed by Jacobson et al. [23].

TEM electron diffraction were performed on KCN and HCN powders, and on NS. Fig. 2a
shows the [001] zone axis selected-area EDPs of two crystals of KCN, which correspond to
the normal of the NS surface. In the first EDP, the {h00} and {OkO0} reflections, h, k odd,
(labeled by arrows in the figure), are present with a weak intensity as expected for the
monoclinic structure [15]. In the second EDP (see Fig. 2b), these reflections are absent
indicating a change of octahedral tilt for some crystals, which results in either a large (a ~ 7.8

A, with extinctions) or in a smaller (a ~ 3.9 A) tetragonal cell. Composition of KCN powder
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was found to be around Kj1:01Caz1402Nb3:030x by TEM-EDXS and SEM-EDXS analysis.
For the protonated phase, four different patterns along the [001] zone axis were recorded (Fig.
2c-f). In Fig. 2c, the presence of weak superlattice reflections at {2, 0, 0} and {0, %, 0}
positions (labeled by arrows in the figure) indicate that the lattice constants a and b are
actually double that was that determined by XRD. The fact that these reflections are detected
only by electron diffraction and not by XRD was already reported by Jacobson et al. [23]. In
Fig. 2d, the EDP is different with the presence of weak reflections at {%, %, 0} positions
(labeled by an arrow in the figure), but no longer along a* and b* axes. In both cases, these
superlattice reflections result from the tilting of NbOg octahedra along [100], [010] and [001]
axis [23,25]. EDPs in Fig. 2e-f display two other superstructures with five extra reflections
along the [210]* direction, and twenty-five extra reflections along the [430]* direction
(labeled by arrows in the figure); these reflections correspond to lattice distances of about 8.6
A and 19.3 A, respectively. These particular superstructures can arise from octahedral tilts or
oxygen vacancies ordering. Composition of HCN powder was found to be around
Ko.15:01Ca2.1+02Nb3:030x by TEM-EDXS and SEM-EDXS analysis showing therefore that a
slight amount of potassium is still present in the exchanged phase, as previously observed

[26,27].

Fig. 2g shows a brighfield TEM micrograph of several NS collected from the NS colloid,
showing the different dimensions (from about 0.1 um to 5 um) obtained after the exfoliation
process. Fig. 2h is a [001] zone axis EDP of a single NS. Comparison between brightfield
micrographs and EDP shows that the [100]* and [010]* directions are parallel to the NS
edges. In addition to the fundamental reflections (corresponding to lattice parameters a ~ b ~

3.88 A), all the recorded EDPs on NS exhibit very weak superlattice {%, %, 0} reflections,

due to a tilting of octahedra, indicating that a v/2a lattice constant should be used to describe

the tetragonal lattice [25]. Composition of NS was found to be Ca:+07Nb3+070x by TEM-
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EDXS. Fig. 3 displays the AFM micrograph of the NS seed layer deposited on the glass by
Langmuir-Blodgett method. It shows that the substrate surface is covered by a smooth and
almost continuous monolayer of NS. The NS thickness is around 2 nm, in agreement with
previous studies [3,28]. Among the literature, thickness of Ca,Nb3O;9 NS is found to be
between 1.4 to 3.0 nm [29,30], due to the intercalation of water and organic TBA" residues

between the substrate and the NS.

XRD patterns of KNO thin films deposited by PLD on (001)STO, on glass and Ca;Nb3O1¢ -
NS/glass substrates are shown in Fig. 4. The KNO film is poorly crystallized on uncovered
glass (the intensity was multiply by 50 in order to enhance the signal on noise) and the
diagram presents (001) and (110) reflections. In the two other cases, only {h00},. peaks are
observed, indicating preferential orientation growth of the niobate films, and demonstrating
that the monolayer film of NS induced on glass this oriented growth. The lattice mismatch for
(001) oriented growth of KNO on Ca,Nb3zO19" NS is -2.6 %, and -1.7 % on (001)STO. The
film on STO is obtained at a surface substrate temperature of 550°C. Pure KNO films are
obtained on Ca,Nb3O;0-NS/glass at a surface substrate temperature of 600°C. Note that this
temperature corresponds actually to a higher holder temperature than for the film deposited on
STO. This differerice is mainly due to the much higher thickness of the glass substrate. At
higher temperature than 650°C, the film presents a secondary phase in addition to KNO.
TEM-EDXS analyses showed that it contains K, Nb, Na, Ba and O elements, indicating a
diffusion of elements from the glass substrate (of composition approximatively
Sijg7Nais2BagNbeOs;) through the film at this temperature. The rocking curves (w-scan)
displayed in Fig. 4 show low mosaicity of KNO on STO with the full-width-at-half-maximum
value Ao = 0.7° and a slightly higher mosaicity of KNO on Ca;Nb3015-NS/glass with Aw =
2.1°, indicating that the crystallites are less aligned on the later. The Rg root mean square

(RMS) roughness obtained from 5 x 5 um? AFM images (Fig. 3) increases from 0.4 + 0.1 nm
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for the glass substrate up to 0.66 + 0.2 nm for the NS/glass substrate. The Rq value of STO is
0.08 £ 0.05 nm. After deposition, the Rq value of KNO/NS/glass is 2.2 £ 0.2 nm while that of
KNO/STO is 1.85 £ 0.2 nm. Therefore the significant difference in roughness between both
substrates does not involve an important difference in roughness between the KNO films. For
the NS coated glass substrates, the films cover the NS and the interstices. The films
morphology was investigated by in-plane-view and cross-sectional SEM as shown in Fig. 5.
The film deposited on (001)STO shows a dense array of epitaxied square-shaped KNO
crystals with lateral size lying between 50 and 230 nm, while the film deposited on
CayNb3O10-NS/glass shows a textured growth. This film is also made of square-shaped
crystals of the same size. This shape is characteristic of (001)-oriented KNO grains [31]. It
appears that the surface morphology of the KNO film was influenced by the underlying NS,
and that the grains grown on the same NS present an identical in-plane orientation. Control of
crystallographic orientation of KNO film on glass by NS is therefore realized. Cross-sectional
view (inset in Fig. 5b) indicates that the thickness of the thin film is homogeneous and about

200 nm.

4. Conclusions

Inorganic Ca;NbsO19 nanosheets have been synthesized from exfoliation of layered proton-
exchanged HCa;Nb3O19 phase. Electron diffraction experiments have shown the formation of
unseen superstructures in the parent phase, the protonated oxide and the nanosheets. Highly-
textured (001) KNbOj3 film have been grown on glass using inorganic Ca;Nb3zO1o" nanosheet
as seed layer. The importance of the growth temperature was also investigated. If the growth
temperature is higher than 650°C, a diffusion of the element of the substrate was found in the
film, showing the importance of limiting the growth temperature and to know the composition

of the substrate. For lower temperature, around 600°C, the films were found to have a high

10
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crystalline quality similarly to the films epitaxially grown on single crystalline (001)SrTiOs.
Therefore, this method allows the growth of oriented ferroelectric KNbOj3 films on low-cost

substrate.
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Fig. 1. a) XRD powder pattern of the KCN phase (*: KNO phase). b) XRD powder pattern of
the HCN 1.5H,0 (HCNL1.5) phase. ¢) XRD powder pattern of HCN1.5 after a few hours in a

dry atmosphere corresponding to the HCN 0.5H,0 phase.
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a) b)

Fig. 2. a) EDP along the [001] zone axis of the monoclinic KCN phase. b) EDP of the KCN
phase along the [001] zone axis showing weak superlattice reflections indicated by the
arrows. ¢) EDP of the HCN 1.5H,0 phase showing weak superlattice reflections indicated by
the arrows. d) EDP of the HCN 0.5H,0 phase showing weak reflections that should be
forbidden, indicated by the arrows. e) EDP of the HCN 1.5H,0 phase showing weak
superlattice reflections indicated by the arrows. These reflections are aligned along the (210)
row. f) EDP of the HCN 1.5H,0 phase showing weak superlattice reflections indicated by the
arrows. These reflections are aligned along the (430) row. g) Brightfield micrograph of the
Ca;Nb3O10-NS. h) EDP of a single CayNb3O10-NS. Weak reflections are indicated by the

arrows.
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Fig. 3. AFM images of a) the STO substrate, b) the monolayer film of Ca;NbsOp-NS
deposited on glass by Langmuir-Blodgett method, c) the KNO/STO film, d) the

KN/Ca;Nb3019-NS/glass film.
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Fig. 4. 6/26 XRD patterns of KNO thin films deposited on (100)STO at 550°C (black), on
glass at 600°C (blue, the intensity was muitiply by 50 to enhanced the signal display),
CayNb3040 -NS/glass at 600°C (red) (*: STO). Insets: corresponding (001) KNO reflection

rocking-curves.
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Fig. 5. Scanning electron micrographs of KNO thin films deposited on (100)STO at 550°C (a)
and on Ca;Nb30;9 -NS/glass at 600°C. (b). Inset: cross-sectional view of the KNO film on

CayNb3010 -NS/glass, showing the 200 nm thick film.
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