N

N

Tetragonal tungsten bronze phase thin films in the
K—Na—Nb—-O system: Pulsed laser deposition, structural
and dielectric characterizations
Barthélemy Aspe, Valérie Demange, Anne Waroquet, Xavier Castel, Brice
Gautier, Quentin Simon, David Albertini, Mustapha Zaghrioui, Kevin
Nadaud, S. Députier, et al.

» To cite this version:

Barthélemy Aspe, Valérie Demange, Anne Waroquet, Xavier Castel, Brice Gautier, et al.. Tetrag-
onal tungsten bronze phase thin films in the K-Na-Nb—-O system: Pulsed laser deposition, struc-
tural and dielectric characterizations. Journal of Alloys and Compounds, 2020, 827, pp.154341.
10.1016/j.jallcom.2020.154341 . hal-02482183

HAL Id: hal-02482183
https://hal.science/hal-02482183

Submitted on 2 Apr 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02482183
https://hal.archives-ouvertes.fr

Credit Authors Statement

B. Aspe: Conceptualization, Formal Analysis, Investigation, Writing — Original draft,

Visualization

V. Demange: Conceptualization, Formal Analysis, Investigation, Supervision, Writing —

Original Draft, Visualization, funding acquisition

A. Waroquet: Investigation, Resources

X. Castel: Conceptualization, Formal Analysis, Investigation, Supervision, Writing,

Visualization, funding acquisition

B. Gautier: Conceptualization, Formal Analysis, Investigation, Writing, Visualization

Q. Simon: Conceptualization, Formal Analysis, Investigation, Writing, Visualization

D. Albertini: Formal Analysis, Investigation, Resources

M. Zaghrioui: Conceptualization, Formal Analysis, Investigation, Writing, Visualization

K. Nadaud: Conceptualization, Formal Analysis, Investigation, Writing, Visualization

S. Députier: Conceptualization, Investigation, Resources, Writing

F. Gouttefangeas: Formal Analysis, Investigation, Resources

R. Sauleau: Conceptualization, Formal Analysis, Investigation, Supervision, Writing,

Visualization, funding acquisition

M. Guilloux-Viry:  Conceptualization, Investigation, Supervision, Writing, Project

Administration, funding acquisition



Tetragonal tungsten bronze phase thin films in the
K-Na-Nb-O system: pulsed laser deposition,
structural and dielectric characterizations
B. Aspé® V. Demang@® A. Waroquet X. Castél, B. Gautief, Q. Simofi, D. Albertin®, M.
Zaghriouf, K. Nadaud, S. Députiet F. Gouttefange§sR. Sauleay M. Guilloux-

Viry®¢

2Univ Rennes, CNRS, ISCR — UMR 6226, F-35000 Renfes)ce
b Univ Rennes, CNRS, IETR — UMR 6164, F-35000 Renhem)ce

®Univ Rennes, CNRS, ScanMAT — UMS 2001 F-35000 RenReance

dUniv Lyon, CNRS, UMR 5270, Inst Nanotechnol Lyonst Natl Sci Appl Lyon, F-69621

Villeurbanne, France

® GREMAN — UMR 7347, University of Tours, CNRS, INSZVL , F-41000 Blois, France

Corresponding authors:

Maryline Guilloux-Viry: email address: marylineijaux-viry@univ-rennes1.fr
ORCID identifier: 0000-0001-7773-1643
phone number: +33 (0) 2 23 23 56 55

Valérie Demange: email address: valerie.demange@eannesl.fr
ORCID identifier;_.0000-0002-8153-2660
phone number: +33 (0) 2 23 23 67 88

Barthélemy Aspe: email address: barthelemy.asp&@eannesl.fr
ORCID identifier: 0000-0001-8927-4013
phone number: +33 (0) 2 23 23 65 70

The authors have no conflict of interest in thigkvo



ABSTRACT

Pulsed laser deposition parameters have been de&sinto synthesize pure Tetragonal
Tungsten Bronze (TTB) phase thin films in theN&)-Nb-O system (KNN). In relation to the
high volatility of alkaline elements, it was foutigat the target composition and the target-
substrate distance are of first importance. The Tpiase was identified by X-ray and
electron diffraction and the surface microstructtwasisting mainly of nanorods supports the
formation of hallmark of the TTB phase. Poly-oreshinanorods have been obtained on both
C-plane sapphire and (111)Pt/TiSiO,/(001)Si substrates whereas horizontal nanorods
oriented along thehkO) planes have been grown on (100) and (110) SrAdthe nanorods
are parallel together when grown on (110) Sgl&dd they present two in-plane orientations
rotated of 90° from each other on (100) SrfiMielectric characteristics (dielectric
permittivity &, and loss tangenénd) have been measured at low (1 kHz - 1 MHz) anth hig
(1 GHz - 40 GHz) frequencies, on films deposited Rincoated silicon and sapphire,
respectively. A value o, = 200 at 1 kHz withano = 0.015 were measured in a parallel plate
capacitor configuration, whereas= 130 andtand = 0.20 at 10 GHz were retrieved from
transmission lines printed on the KNN TTB thin filgnown on C-plane sapphire. Raman
investigations of the TTB films were performed inettemperature range 77 - 873 K,
confirming the TTB phase formation and the absesfcetructural transition. Piezoelectric
Force Microscopy measurements evidenced a piezaelexignal although no switching
could be performed. However the dielectric measerds) complicated by high leakage
currents when a DC voltage was applied, did naleawie any proof of ferroelectricity for the
undoped KNN TTB films whereas results reported tdreoniobates (A,A)sNb;oO30 (With

A: K, Na and A': Sr, Ba, Ca) have shown Curie terapeges, lying between 156°C and



560°C, separating the paraelectric phase (spaaggrd/mbm N°127) and the ferroelectric

one (space grou4bm N°100).

1. INTRODUCTION

Ferroelectric and piezoelectric materials have dewiange of applications from sensors to
micro-electro-mechanical systems (MEMS), memoryicke/and tunable devices, e.g. [1-3].
For decades, the PhZiTixOs-based (PZT) material has been the most populevdiectric
materials [4]. Lately an effort has been made ly $hientific community to find a more
ecologic and less toxic alternative to this matefance 2004, the WNa;.x\NbO; perovskite-
type material has been established to be a pdtesulastitute for PZT due to its high
piezoelectric coefficientg (up to 300 pC/N [5]) leading to an important invgation of this
phase [6, 7]. The fNa;xNbOs; perovskite phase has been investigated in bulktfj, films

[9], single crystals [10] and for photovoltaic aipptions [11], energy storage [12],
luminescence properties [13], sensors [14] or naédimoaging [15]. However, in the KNN
system, many other phases of potential interest @ithout being thoroughly investigated. In
many chemical systems, such as K-Nb-O (KN), K-TakeLi-Nb-O (KLN) or K-Ta-Nb-O,
chemically close to the KNN system, Tetragonal Tieg Bronze (TTB) phases have been
reported either as thin films or bulk [16—20]. TREB structure can be described along the
[001] direction by two cationic octahedral sites &1d B2 and three cationic tunnels Al, A2
and C, as presented in Figure 1. A1 and A2 sitasbeaoccupied by alkaline metals, alkaline
earth, rare-earth and a few other elements. B1B2ndites can mostly be occupied by small
and highly charged cations, such as°\Nia* or WF*. Finally, the C sites can only be

occupied by small cations and are often found terbpty.



Figure 1. Projection of the tetragonal tungsten bronze strecalong the [001] direction showing the three
cationic tunnels Al, A2, and C, and the cationitabedral sites B1 and B2 [16].

Over the years this crystallographic structure wilifferent cationic sites [21] which
authorizes many cationic substitutions and dopiogsbilities was found to be of interest for
exhibiting various properties. For example, in KieN system, a TTB single crystal study has
reported values of piezoelectric coefficiegt dqual to 52 pC/N and ferroelectric polarization
Pr of 25-30 uC/cm? [22]. Piezoelectric coefficiediswere measured reaching 190 pC/N and
114 pC/N, for MnG-doped and K-doped TTB ceramics in the Sr-Ca-NatNkystem,
respectively [23, 24]. In the Sr-Ba-Na-Nb-O systatme TTB phase exhibits a relative
permittivity as high as 1600 at 1 kHz [25]. Thisusture is also studied for optical properties
[26] and catalytic activities [27]. In the KNN sgst, even though the TTB phase has been
found as a secondary phase in bulk perovskite [@B-tBe pure phase was neither reported
nor properly characterized. Some previous worksaomodified KNa;.xNbO; perovskite
ceramic have reported that the TTB phase, as andappphase, could explain the increase of
the piezoelectric properties [29]. The presendhigfsecondary phase is related to an alkaline
deficiency in the ceramic product. Indeed, the @sNb10O3 TTB phase is 40 % lower in

alkaline elements than the (K,Na)Nb@erovskite phase.



As no precise description of the KNN system exigken the alkaline/niobium ratio is less
than 1, an analogy with the KN system, chemicdibge to the KNN system has to be made
to obtain the TTB phase. In such a system howesgious phases are shown to exist with
different alkaline/niobium ratios making the puréBl'phase hard to obtain. Nonetheless, the
pulsed laser deposition (PLD) technique is suitédmé¢his type of investigation. Indeed, if the
method is known to be congruent in the absenceotdtile cation, it offers also a great
possibility to tune the composition of the filmsther by the modification of the target one
and/or by the modification of the deposition partere Therefore because of the high
alkaline (especially potassium) volatility, a thogh investigation of the deposition

parameters is requested to grow the pure phase [31]

In this work, KNN thin films were grown by pulsedsker deposition to control pure TTB
phase. The films were deposited on different sabesri.e. single crystals (100) and (110)
SrTiOs, C-plane sapphire and (111)Pt/RSIO,/(001)Si. SrTiQwas used here to control the
orientation while C-plane sapphire and (111)PtA$8D,/(001)Si were used to provide
suitable samples for physical measurements. Aquaati attention was paid to the influence

of the deposition parameters on the compositionta@dtructure of the films.

The morphology, structural features and compositi@ve been first investigated using
scanning electron microscopy (SEM), X-ray diffracti (XRD), transmission electron
microscopy (TEM), Raman spectroscopy and energyedsve X-ray spectroscopy (EDXS)
analyses. In addition, dielectric properties (iie&tpermittivity and intrinsic loss tangent)
have been measured at low (from 1 kHz to 1 MHz) high (from 1 GHz to 40 GHz)

frequencies.

2. EXPERIMENTAL SECTION



2.1. Elaboration of the KNN targets
The ceramic targets were prepared from KNN powdgmthesized by solid state reaction at
940°C for 4 hours in air, from sodium carbonate,X@ (RP NORMAPUR 99.8%),
anhydrous potassium carbonateClK; (ACROS Organics 99%) and niobium oxide ;b
(Alfa Aesar 99.5%) powders preliminary mixed in largtary ball-mill and then calcined.
Afterwards 25-mm in diameter targets were sintee@itier by conventional sintering at
1000°C for 12 h in air, or by Spark Plasma Singr(8PS, FCT System GmbH). Indeed in
the case of the deposition of the perovskite filKiNO; enriched targets are used in order to
obtain the final alkaline/niobium ratio of 1. Besauof its low melting point, the addition of
KNOjs in the target favors its sintering [32]. This st the case for the deposition of TTB thin
films which is performed through a non-enrichedyédr As the target density impacts the
overall quality of the thin films and the dropletrination during deposition [33], the
alternative SPS method has been used to enhamsd thensity in comparison with targets
obtained by conventional sintering. In that cabe, gowders are placed into a graphite mold
which maintains the proper diameter. Graphite fails introduced between the powder and
the mold to facilitate the outmolding. By SPS, &-@tep reactive sintering for 10 minutes at
1000°C and about 1 hour of cooling under a 1 bgoraratmosphere leads to a 25-mm-
diameter dense KNN ceramic target of which the amsiton is given in Table 1. A cleaning
process of the target of 5 hours at 900°C in aieggiired to remove the carbon film from the
target surface. This step is also used for oxygematf the ceramic targets. These parameters
have been adapted from the work of M. B#ilal. [34] and preparation details of each target

are summarized in Table 1.

Table 1. Chemical composition and sintering details of tiféecent prepared targets. The accuracy of the

composition values is 5 %.

Target Targeted Measured composition

number composition by SEM EDXS Sintering technique




Standard solid-state sintering

Target Tl (K05N805)Nb03 (Ko.55Nao.490.9zJ\|bQ< at 10000C for 12 h
Standard solid-state sintering

Target T2 (Ko.sN&g.5)0.NbO; (Ko.51N@9.49)0.68ND O, at 1000°C for 12 h

Target T3 (Ko.sNag.5)0.NbOs (Ko.4N&g 52)0.5NbO, Spark plasma sintering

at 1000°C for 10 minutes

2.2. Elaboration of the KNN thin films by PLD
Thin films were deposited by PLD technique with eFkexcimer laser (Coherent company,
pulse duration 20 ng, = 248 nm) sets at a fluence of 2-3 JTman energy of 210 mJ and
currently at 2 or 4 Hz working frequency. Thin fénhave been deposited under 0.3 mbar
oxygen pressure, at a deposition temperature inrdhge 600 — 650°C, with a target —
substrate distance from 55 to 65 mm. In these tiondi the deposition rate is close to 15
nm/min (at 2 Hz) and 30 nm/min (at 4 Hz). In thisdy the thickness of the films is typically
between 250 and 500 nm.

2.3. Choice of the substrates
The films were grown on single crystals (100) ahtid) SrTiQ, C-plane sapphire (i.e. (0001)
Al,03) and (111)Pt/TiIQSIO/(001)Si from Crystal GmbH supplier. SrTyQperovskite
structure with a dielectric permittivitg higher than 300) is a model substrate for the grow
of oxides in view to control their orientation. $dre is suitable for high frequency
applications thanks to its low dielectric permittjvand loss valuesg(= 10 andtans = 10“ at
10 GHz and room temperature). For the fabricatibthe microwave devices, the films have
been deposited on 10 mm x 10 mm x 0.5 mm C-plapphsi@ substrates. Finally Pt coated
silicon (5 mm x 10 mm x 0.7 mm) is well adapted dfioelectric measurements in parallel
plate capacitor geometry. Each substrate was deangcetone and isopropanol, prior to the

deposition step.

2.4. Thin films characterizations



The structural characteristics were investigated Xokay diffraction (XRD) by using a
6-26 diffractometer(D8 Advance, BRUKER) with a monochromatiz€d K,; wavelength

(A = 1.54056 A). The surface morphology was obserweddanning electron microscopy
(SEM, JSM 7100F, JEOL and MIRA3 Tescan) couplechvah energy dispersive X-ray
spectroscopy detector (SEM-EDXS, SDD X-Max 50 fn@xford Instruments) to determine
the thin film composition. A 5 nm-thick carbon layeas deposited before SEM-EDXS
analysis to ensure optimal element detection apéaoislly the potassium one that we have
observed to be highly sensitive to charge accunamaffect.

Transmission electron microscopy (TEM) experimentye performed by using a LaB6
JEOL 2100 instrument equipped with an Oxford Az8%k mnf SDD device for EDXS
analysis (TEM-EDXS). Samples were prepared by sknag the thin film from the substrate
with a diamond tip and by collecting the so-obtdiparticles on an amorphous carbon copper
grid (Agar). Bright field and dark field transmissi electron micrographs, and electron
diffraction patterns were recorded using a GATANU®1200D CCD (charge coupled device)
camera. Schemes of structures were drawn with &Maker software from CIF files of
phases under consideration. Simulations of eledtiifiraction patterns were obtained with
the help of CrystalDiffract extension of Crystal\Mak

Raman measurementsrsus temperature (from 77 to 873 K) were performed dBType
KNN coated (111)Pt/TigSiO,/(001)Si substrates using Renishaw Invia spectremand
temperature controller (Linkam THMS 600). A greérel (514 nm) of Argon-ion laser was
taken as the excitation source with a power lowmantl mW to hedge again heating effect.
The scattered light was collected by%0 objective and dispersed by 2400 lines/mm grating
in the back-scattering configuration.

Piezoelectric Force Microscopy (PFM) images wertaioled with a NTEGRA NT-MDT

system using the so-called « Dual Frequency Resonacking » mode, which enables to



enhance the signal to noise ratio by working nkardontact resonance frequency of the tip-
sample system. Platinum-Iridium tips have been usét stiffness in the 2-10 N.fhrange.

In amplitude images, bright zones correspond thdrigmplitudes of vibration.

The low frequency dielectric measurements wereoperdd on parallel plate capacitors. Top
Au electrodes of surface ar&([1 = 300 um, thickness, = 200 nm) were deposited by
magnetron  sputtering  technique through shadow maskk KNN coated
(111)P/TIQ/SIO,/(001)Si substrates. The capacitariceand the loss tangentafv) were
measured at room temperature from 1 kHz to 1 MHh a&nh AC driving voltage ¥ = 125
mV, using an Agilent 4294A impedancemeter. Theedigic permittivity & of each sample
was retrieved from the measured capacitance (@gukie parallel plate capacitor formula,
wheretkny is the thickness of the KNN film:

CXtKNN
g = —KNN W
80)(5

2.5. Microwave devices for dielectric characterizabn at microwave frequencies
The dielectric characteristics and frequency tuitgbof the KNN TTB thin films were
investigated using coplanar waveguide (CPW) antstrassion lines devices designed with a
3-D commercial electromagnetic software (Ansys HE$SThree 509 lines (8 mm, 5 mm
and 3 mm long) with a conductor width= 40 um surrounded by a ggp= 50 um (Figure 2)
were implemented to retrieve the thin films dielecicharacteristics g tanod), from the
microwave measurements. A CPW quarter-wavelengdn-@mded stub resonator was also
designed to operate Krband. Its resonance frequer&ydepends upon the stub lengithand

the effective permittivityes of the heterostructure, as follows:

C
k= 4Ly [Eerf )




wherec is the speed of light in vacuum. The devices wereidabed from a 2 pm-thick silver
overlayer grown on a 5 nm-thick titanium underlageposited by RF magnetron sputtering at
room temperature. The silver thickness is threeesitarger than the skin depth value<
0.64 pum) at 10 GHz. Note that the ultrathin titamiéilm is used here only to ensure the
strong adhesion of the silver film onto the feremttic oxide. Standard photolithography and
wet etching processes were implemented to pattermévices. Gold wire bondings (15 um-
diameter and 250 um-length) were used to enforeeetjuipotential condition on both CPW

grounds and prevent from the excitation of pamsibtline mode (Figure 2).

=50 pm
w=40 pm
g=14 um
w,=14 pm
L=1520 pm
L=100 pm

\ 4

Ag KNN
Figure 2. Layout and dimensions of the CPW devices.

Microwave measurements at room temperature and #0f¢€ to 240°C were carried out
through a probe station coupled to a vector netwamklyzer (VectorSTAR MS4644B,
ANRITSU) from 1 to 40 GHz under an external DC biadtage range from 0 to 150 V,
which corresponds to a maximal static electricdfiBl,s equal to 90 kV/cm for the stub
resonator and 27 kV/cm for the transmission liffée measured gap dimensiogs~< 16 pum

andg = 52 um) are slightly larger than the nominal ones tb the inherent overetching of

the used wet etching process. Further detailseqnarted elsewhere [35].



3. RESULTS AND DISCUSSION

3.1. Influence of the deposition parameters to groygure KNN TTB thin films on the
various substrates

From a previous study [32] it has been shown thabray the various deposition
parameters, the target composition, the depost#gomperature and the target — substrate
distance D have a strong impact on the thin filmsgosition and crystallization, explaining
their accurate assessment impact. Table 2 gathersléposition parameters of the films
considered in the present study. Since a film tesls of about 250 nm was obtained with the
laser frequency of 2 Hz, the frequency was incre@asel Hz to achieve a thickness near 500
nm, more suitable for the high frequency reconfaple devices [47].

The samples labelled in Table 2 are the most sagmif in view to control the TTB single

phase in the KNN system.

Table 2. Summary of deposition parameters and differentadtaristics of the thin films. The accuracy of

the composition values is 5 %.

Dist.

. Identified
Thin Freq. Temp. target- Measured
film Substrate Target (Hz) (°C) subs. pf;?sg by composition (EDXS)
(mm)
) . TEM
F1 (110)SITIQ Tl 2 600 55 Perovskite (Ko.Nao 0.0 NDO,
0. .6/0.9
) ) . TEM
F2 Nb:(110)SrTiQ T1 2 650 55 Perovskite (Ko.1N3 500 7NDO,
0.1 .86/0.7
) TTB TEM
F3 Nb:(110)SrTi T2 2 600 55
( ) Q + K4NbgO7 (Ko.5dN&g 42)0.6NDO,
F4 (110)SrTiQ T3 4 650 65 TTB K W;E!)\A NbO,
0.4 .550.4
F5 (001)SrTiQ T3 4 650 65 TTB K 7N;E3/I NbO,
0.4 .53/0.4
I . TTB SEM
F6 111)Pt/TiIQ/SIO/(001)Si T3 4 650 60
(111) @/SioA(001) + KNb3Og (Ko.4dN&.51)0.48ND O,
. SEM
F7 C-plane sapphire T3 4 650 65 TTB (Ko.4N 590.4:NDO,
0.4 .51/0.47
. SEM
F8 C-plane sapphire T3 4 650 60 TTB (Ko.4N 50.40NbO,
0.4 .51/0.4
F9 C-plane sapphire T3 4 650 55 TTB SEM

+ KNb3Og (Ko.50N@g 500.4NDO,




First the role of the target composition has beemwvestigated.Since data have not been yet
reported on the TTB phase in the KNN system, thewkadge about the KN system [31]
chemically close to the KNN one, has been thereforesidered. With the aim to obtain a thin
film composition close to (MNa;-«)sNb1gO30 and while taking into account the alkaline
elements volatility during the PLD process [31,,32k KysNaysNbO; target (T1l)has been
first used. As shown in Figure 3a, XRD pattern led 1 film, grown on (110)SrTiDat
600°C, displays the &kNay NbO; perovskite phase peaks with a (101) preferent@ith, in
agreement with the Joint Committee on Powder Diffeam Standards (JCPDS) file #00-061-
0310 (space groufm (6); a = 3.99628 Ap = 3.93776 Ac = 3.99335 A5 =90.3398°). The
SEM micrograph (Figure 3b) shows a F1 film mademyktallites with rectangular shape of
about 300 nnx 100 nm, aligned in the plane along the <100> akithe substrate. A few
crystals (white contrast) with higher size are adbserved. The composition determined by
SEM-EDXS (Ko.aN&y.6)0.9ANbO; is in good agreement with the XRD results andetkgected
depletion in alkaline elements, especially potamsiduring the PLD process. Nevertheless,

this depletion is not sufficient to achieve the pasition range of the TTB phase.



o 8‘!‘ 3
& = o; a
e ®m o T ©
— o & ;,’: o o & o o o
— - = = s B8 ¢ E < K2
- @ 0 0 o~ ™~
= @
- [ = om m = oM o
. F - -
S = - [ F3
i)
2 o
2| iz By
@ 55 s L
o o o
Q " o F2
-+ [a 8
c
$3
F1

Figure 3. XRD patterns of F1, F2, F3 films (#4KbsO,7 phase, *: substrate) (a). Scanning electron

micrographs of F1, F2 and F3 films (b-d).

A second film, namely F2, was grown on the Nb:(BtU0)O; from the same target at higher
temperature. The related composition ig {fay ge)o.7dNDO, with a lower amount of alkaline
elements, but still too high for the expected cosijimn. The depletion in potassium is
particularly high in this sample. Among the sevgratovskite phases known in this part of
the KiNaxNbO; solid solution, only KiNaydNbO; (JCPDS files # 01-074-2025, space
group:Pm (6); a = 7.8720 A, 7.7920 A, 7.8632 &8 = 90.479°) fits with the XRD pattern,
with a (101) preferential growth (Figure 3a). The SEM miceqah shows a film made of very

long (several microns) and thin parallel crystadli{f50-100 nm wide)(Figure 3c).



To favor the growth of the TTB phase, the alkalaeget composition was further decreased
down to (KysNay5)0.7NbO; (target T2). The film obtained at 600°C using tiaiget (F3) leads
to the formation of the TTB phase on Nb:(110)Srl@® displayed by XRD (Figure 3a). On
this pattern, only {hkO} peaks of the TTB phase present indicating preferential growth
according to the JCPDS file #01-087-1856 of thgNIosdO30 TTB phase (space group:
P4/mbm (127);a = 12.5820 A,c = 3.9920 A). A minor peak at82= 14.54° indicates the
presence of the MbsO;7 phase (JCPDS file #01-076-0977) as a secondargephihe
corresponding SEM micrograph shows long (severakans) and thin crystallites (50 nm
wide). Some other crystallites exhibit out-of-plastert nanorod shape (white contrast on the
SEM micrograph). The (KsdNao.420.6NbO composition is therefore close to the expected
one. Morphology of the F2 (perovskite phase) andTH38 phase) films being very similar,
further transmission electron microscopy and etecttiffraction experiments were performed
to get in-plane information.

Figure 4 presents bright field micrographs andtedecdiffraction patterns (EDP) along the
normal of F1, F2 and F3 films. EDP of theo@Kape)o.0NbOs perovskite phase (film F1)
displays a primitive rectangular cell, which copesds to the [101] zone axis of a pseudo-
cubic cell with lattice parameters close to 4 Ag(Fe 4b), as expected from the simulated
EDP (Figure 4c). For the purpose of comparison(14€) SrTiQ cell was drawn in red in all
the EDPs of Figure 4.The perovskite phase predbatsfore epitaxial relationships with the
(110) SrTiQ substrate, whose cell has roughly the same dimessihe related relationships
are: [101knn//[101]sto, (010%nn//(100%T0, (101)knn//(101)sto. Comparison between image
and diffraction pattern enable to determine thengddion direction of the small rectangular
crystals that form the film, namely the [010] diien. This corresponds to the elongation

direction of the distorted octahedral, as drawRigure 4d.



Figure 4. Bright field TEM micrographs, experimental anddhetical electron diffraction patterns and
corresponding schemes of the KNN structures unolesideration of perovskite F1 film (a,b,c,d), peskite F2

film (e,f,g,h) and TTB F3 film (i,j,k,I). Red remngle: scheme of the SrTj©ell.

The EDP of the Ki1dNapsdNbO, phase (film F2), displayed in Figure 4f, showsetangular
cell corresponding to a pseudo-cubic phase witicéaparameters twice the ones of a simple
perovskite cell (simulated in Figure 4g). Similatly the previous perovskite phase, the
epitaxial relationships are: 101J«nn//[101]sto,  (L00)nn//(100%kT0,  (101Xnn//(101)sT0.
Comparison between the image of the long crystaigufe 4c) and EDP indicates a [010]
elongation direction. This corresponds to the e#biog direction of the octahedra in the

phase as well (Figure 4h).



EDP of the TTB phase (film F3) along the [210] zames is displayed in Figure 4j. As
expected, the pattern consists of a primitive reqéar along the above direction (simulation
in Figure 4k). Comparison with the substrate cedd(rectangle in Figure 4j) provides the
following epitaxial relationships: [210§s//[101]sto, (001)1s//(100%kT0, (120)r78//(101)sT0.
The parallelepiped-shape long crystal elongatioalang the [001] direction, as commonly
observed for TTB phases [16, 36]. As for the twevppus phases, this direction corresponds
to a slight distortion of the octahedra. These Itesagree with the most intense peaks of the
TTB film on the XRD pattern (Figure 3a) which capend to the (210), (420) and (630)
reflections. From the XRDhkO) peak position, the lattice parametewas computeda(=
12.483 + 0.005 A), and from the EDP, the latticeapgeterc is about 3.99 + 0.05 A. Along
the two in-plane directions, the substrate-filmIscamismatches are respectivedy =
[d(200)%10 — d(001}rg)/ d(100)%T0 = -2.17 % and, = [d(101)ro — d(120}s)/ d(101kro = -
1.09 %.

To enhance the stabilization of the KNN TTB phdsia films by decreasing the alkaline
content, films (F4 to F9) were then deposited maipterature T = 650°C by using a PLD target

sintered by SPS with the {i§dNay 51)0.54NbO composition(target T3).

Samples were also grown with various target-substta distanceson C-plane sapphire
substratej.e. D = 65 mm (film F7), D = 60 mm (film F8), 55 mrfilifh F9) and 50 mm (not
shown). For F7 and F8 films, similar XRD pattermsl &urface morphologies were observed
(see Figure 5 and Figure 6 and related discusstoealter). For F9 film however, a slight
amount of the KN§Os phase is noticed on XRD pattern. Independentihefsubstrate type,
a target-substrate distance under 60 mm has rdsoltbe formation of secondary phases. In

the following work this distance has been seletbdae equal at least to 60 mm.



In order to control the orientation two films were deposited on SrTiQ substrates F4
on (110)SrTiQ and F5 on (001)SrTi In both cases, pure TTB coatings were obtained.
XRD pattern of the film F4 presents purbk} TTB phase peaks with a strong (210)
preferential orientation (Figure 5), in agreemeithwKRD and TEM observations performed
on F3. Nonetheless, SEM micrograph F4 shows ctigstalwith parallelepiped-shape and
shorter than for film F3 (about 50 nm wide and ap7€0 nm long, Figure 6a). It could be
noted that SEM images of the films synthetized frim T3 target do not exhibit any
additional outgrowths or droplets that can oftenobserved, especially with targets of the

KNN system phases which are difficult to densifydoyventional synthesis.

Intensity (a.u.)

F4

15 20 25 30 35 40 45 50
26 (°)
Figure 5. XRD patterns of TTB films grown on (110)STO (filr4, D = 65 mm), (001)STO (film F5, D = 65
mm), (111)Pt/TiQ/SiOx/(001)Si (film F6, D = 60 mm) and C-plane sappltfien F7, D = 65 mm), (film F8, D

=60 mm), (film F9, D = 55 mm) (*: substrates; d\BsOg; + K3Nb;O,9) (logarithmic scale).

Regardless of the SrTiOsubstrate orientation, nanorods present a quiteegiein-plane
orientation with almost no vertical nanorods grogvatong thec-axis parallel to the normal of

the substrate. On (110) SrT3Cthe nanorods present a (210) out-of-plane maentation



and are all growing parallel to each other alorggdhme in-plane direction (film F4, Figure
6a), in line with a lowering of the mismatch betwelm and substrate cells along this
direction (see discussion on the epitaxial relagos for F3). On the (001) SrTiGubstrate
(film F5, figure 6b), the nanorods are growing g@dwo in-plane directions with a 90° angle
to each other (Figure 6b) with a (310) out-of-plareferential orientation. Corresponding
EDP registered along the [310] zone axis (Figur¢ Stows a pseudo-cubic array of
reflections. The (001)SrTiDsubstrate involves this particular orientation daethe small
mismatch between the cubic (160§010) cell of SrTiQ with dhgo * do10 = 3.905 Ax 3.905 A
dimensions and the pseudo-cubic cell (081)30) of the TTB phase withggh % ds10= 3.99

A x 3.937 A dimensions. These experimental values etermined from the XRD (310)
peak position and from the EDP (001) reflectiontlod individual nanorods registered in
microdiffraction conditions (Figures 7d and 7f),spectively. Mismatches between the
substrate and the film cells are respectivly [d(100%t0— d(001}+s])/ d(100)%st0=-2.17 %
andd; = [d(010%7o — d(130}78)/ d(010%k10 = -0.84 %. Note that, in contrast to (110)Sr3FiO
substrate, the square cell of the (001)SgIane leads to equivalent mismatches at 90° from
each other, explaining the growth of the KNN TTBiogods along two in-plane orientations
as observed in Figure 6b. The corresponding laftetameters were computedaas 12.453

+0.005 A (XRD) and: = 3.99 + 0.05 A (EDP).
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Figure 6. Scanning electron micrographs of the TTB filmsvgnoon: (a) (110)STO (film F4, D = 65 mm); (b)
(001)STO (film F5, D = 65 mm); (¢) (111)Pt/TiSiO,/(001)Si (film F6, D = 60 mm); (d) C-plane sapphire

(film F7, D = 65 mm); (e) C-plane sapphire (film,A8= 60 mm), (f) C-plane sapphire (film F9, D = i5n).

In addition, microdiffraction pattern of the indilial nanorods shows diffuse scattering
lines along the [30] growth direction, indicating some planar disarderpendicularly to this
direction. By dark field method in 2-beams condiip it was also possible to enlighten
individual nanorods along the two different in-padirections by selecting corresponding

diffraction reflections (Figure 7c and 7e).



Figure 7. (a) Bright field TEM micrograph of the TTB filmggwn on (001)STO (film F5); (b)
corresponding selected area EDP along the [313 aais; (c,e) Dark field TEM micrographs showing

individual nanorods growing along the two in-platieections; (d,f) Microdiffraction EDP of each nand
variant along the [310] zone axis; (g,h) Brightdi@ EM micrograph and EDP along thei[ﬂ] zone axis of the

TTB film grown on C-plane sapphire (film F7). Theaw displays the crystallite corresponding to EizP.

Thin films were also deposited on Pt and sapphiresubstrates to perform dielectric
characterizations (at low frequency and at micragavespectively). XRD pattern of the thin

film grown on (111)Pt/TiQSiO/(001)Si (film F6) indicates a polycrystalline grihw(.e.



random orientation) with a (001) preferential ot&ion of the nanorods (Figure 5). In that
case, the nanorods have grown as thin rod aggesegttehed together by their longer edge,
as observed on SEM micrograph (Figure 6c). The)(@@dferential orientation is consistent
with the presence of vertical agglomerated nanofodsing a flower-like microstructure.
XRD pattern also exhibits minor secondary phasestified as KNBOg and KgNb7Oq9
(JCPDS files # 01-075-2182 and #00-084-0812, rdésdy). The presence of secondary
phases in films grown on Pt coated silicon, in casttto those grown on SrTiOcould be
explained by its higher thermal conductivity thatreases the substrate surface temperature
for the same deposition temperature. It is assuthatithese phases presence has a minor
impact on the thin film properties due to their framount (Figure 5).

On C-plane sapphire, XRD patterns on F7 and F8&fdlmow pure TTB phase (Figure 5). For
both samples, those patterns exhibit a similar /@) preferential growth. TEM
experiments performed on the F7 film confirm thenglation direction of nanorods along
[001] direction (Figure 7g and 7h). EDXS analysetigate a lower alkaline elements amount
in the TTB nanorods compared with those grown ohiGy (Table 2). However on both
substrates, the films present a sodium/potassiutio reose to 1 and an alkaline
elements/niobium ratio slightly lower than the noali composition (K,Na)sNb; iNbOs;,

indicating that some cationic sites are therefaiglly filled.

3.2. Investigation of the structural characteristic by Raman spectroscopy

Figure 8 shows Raman spectra of the TTB thin filmmwg on (111)Pt/Ti@SiO,/(001)Si
substrate (film F6). At room temperature, the septesent typical signature of TTB phases
compared with that reported for isostructural syst87-41], in agreement with X-ray
diffraction and TEM analyses. Modes at 670"cand 731 cnt are assigned to the Nb—O

stretching vibrations in the [NkfPoctahedra, and modes located in the 70 to 406 mge



is attributed to the O—Nb—-O bending modes betwekacant [Nb@] octahedra, as observed
on other TTB niobates. The broad peaks with impadrtantribution overlap, especially at
low frequency region (< 400 ¢y, are characteristic of the TTB structure withiaait
disorder in Al, A2 and C sites. These effects mileeassignment of Raman lines hardly
attainable, and so, it is impossible to distinguisambiguously a centrosymmetrical structure
from a non-centrosymmetrical one. Temperature-dédgainspectra show neither significant
shift nor anomaly in peak position and splittingnoimber modes change between 77 K and
873 K. This result strongly suggests a stable ftmucture and no clear evidence of any

structural transition occurs over the entire terapee range studied.
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Figure 8. Raman spectra of the TTB thin film deposited ohl{Pt/TiO/SiO./(001)Si (film F6) at various

temperatures (from 77 K to 873 K)

3.3. Investigation by Piezoelectric Force Microscgop



40 nm from darkest to brightest

Figure 9. PFM of perovskite (F2) and TTB (F3) films: (a,dptgraphy; (b,e) phase; (c,f) amplitudegura x 2

pum size images

Piezoelectric Force Microscopy performed in toppbsamode on F2 and F3 films shows the
typical morphologies of the perovskite and TTB-tygBN phases grown on (110)SrT4O
(Figure 9a and 9d). In piezoresponse mode (Figbre98, 9e and 9f), a clear contrast is
observed in both cases, with a heterogeneous peezoe response: some grains show a
strongest response (bright areas in Figure 9¢c &hdotnpared with others, with quasi-null
amplitude response (dark areas in Figure 9c andl®fjhe case of the perovskite phase
(Figure 9a-9c), where the PFM phase signal presepisosite directions of vertical
polarization (the histogram of phase values (not\st) is composed of two peaks separated
by 180°), this can be explained by a polarizatioeation in the orthorhombic cell with
various directions relatively to the preferentidkatation. Indeed the polarization in this kind

of perovskite is aligned along the diagonal of theets of the pseudo-cubic celle. the



<110> directions. In the present case, these drectcorrespond either to the normal
direction or to the in-plane direction. Concernitigg TTB phase, it is expected that the
polarization direction is parallel to the [001] ektion, therefore to the nanorod growth
direction. Whereas a piezoresponse was observddsitnot been possible to reverse the
signal by applying a reversed DC bias voltage. Hxigerimental result is assigned to high
leakage currents that make impossible to reacltdbecive electric field without destroying
the sample by Joule effect. In the case of the PhBse whose properties are not fully
established, another possibility concerns the glentric response without ferroelectricity of

the sample, at least at room temperature.

3.4. Dielectric characteristics

3.4.1. Low frequency measurements

The dielectric characteristics; (@andtano) at low frequencies were retrieved from the KNN
TTB thin film (F6) grown on (111)Pt/Tig@SiO,/(001)Si substrate. No frequency dispersion of
the dielectric characteristics was observed frokiiz to 1 MHz with a permittivity value, =

200 andand~ 1.5% (Figure 10). The recorded permittivity valaes in the same range as to
those of other TTB thin films, for instanee~ 400 for KsLi,NbsO;s epitaxial films [42] and
(1150 for BaLnFeNhO;5 (Ln = La, Nd, Eu) polycrystalline films [43], oo tother values that
can be found for ferroelectric thin films or dietieéc relaxors as in the Bi-Zn-Nb-O system
[44]. It has to be pointed out that polarizatiomsuss electric field measurements have been
attempted. However, the high leakage currents naéfiieult the measurements under DC
electric field and it was not possible to obserwestéretic loop with saturation of the

polarization.
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Figure 10.Variation of the dielectric characteristics (pettimity ¢ and losgand) at low frequencies of the TTB

thin film (F6) deposited on (111)Pt/Ti3i0,/(001)Si.

3.4.2. High frequency measurements

The dielectric characteristics, (@ndtand) at high frequencies were retrieved from the KNN
TTB thin film (F8) grown on C-plane sapphire substr The values were obtained using the
measured reflection (§ and transmission (g coefficients of the transmission lines. TTB
thin film exhibits a permittivitye; = 135 at 10 GHz, 130 at 20 GHz, and 125 at 30 GHz
showing a good stability versus frequency (Figuta)l Even though the literature does not
present many microwave dielectric characterizatioihnthe TTB phases, permittivity values
close to 130 have also been reported for otherrrakg45, 46]. Nevertheless, these values
remain lower than those retrieved from théNi \NbOs; perovskite phase in the same settings
[47]. The dielectric permittivity decrease of th&B phase from, =~ 200 at low frequency to
&~ 130 at high frequency is consistent with the deseeas reported in the literature. The loss
tangent valudgans at 10 GHz is about 20 % (Figure 11). The variatdnans from 1 to 5
GHz is attributed in part of the metal skin depihsl.tand at high frequencies remains much

higher than 1.5 % measured at low frequency. THgopented growth of the TTB phase,



especially both in-plane and out-of-plane ordewhghe nanorods, led to a quite rough film,

and consequently to a rough metal-oxide film irgeef which may impact the loss.

The dielectric characteristics; @ndtand) at 10 GHz have shown no significant temperature

dependence from 20°C to 240°C (Figure 11b). Thatran of the permittivity and the slight

increase inand from 20% t023% are attributed to the temperature increaskeoflevice as a

whole and of the measurement system. Thereforejahations are not significant enough to

hint a phase transition and are in agreement with grevious observations by Raman

spectroscopy. The results also indicate a goodlitgabf the dielectric characteristics at

microwave frequencies in this range of temperature.
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Figure 11.Variation of the dielectric characteristics (petivity ¢ and losgand) at high frequencies of the

TTB thin film (F8) deposited on C-cut sapphire gagpending on the frequency at room temperaturetand

depending on the temperature at 10 GHz.

The dielectric characteristics were also retriefredn the transmission lines under biasing
(Enias Up to 27 kV/cm). No significant change was obsérvBloreover the resonance
frequency Fof the CPW stub resonator printed on the KNN thiim fwvas measured under
various biasing to investigate a possible tunabfilitot shown here). A slightly open cycle
shape has been evidenced, which could suggestaeltric-like behavior. However the
weak variation leading to a frequency tunabilityuealower than 1% could not be considered

as a proof of a ferroelectric behavior.

CONCLUSION

A tetragonal tungsten bronze structure in the KNNa©O system was successfully synthesized
in thin films on various substrates using pulseskitadeposition technique. Thin films were
deposited on both (100) and (110)SrJi@ith a highly oriented growth. Indeed dense
microstructures with  characteristic in-plane oréeht nanorods were evidenced.
Complementary characterizationse( X-ray and electron diffraction, Raman spectroggop

have also evidenced the TTB type phase growth.oBlegtric Force Microscopy has shown
an unambiguous piezoelectric local activity. Howeusigh leakage currents made them
impossible to switch the TTB polarization under external DC electric field without

destroying the sample.

Dielectric characteristics at room temperature eweetrieved at low and high
frequencies with a dielectric permittivity~ 200 at 1 kHz and 130 at 10 GHz from thin films

grown on (111)Pt/Ti@Si0,/(001)Si and C-plane sapphire substrates, resghgtivihe



electrical measurements, that were also restribfetligh leakage current, have not shown

ferroelectricity.

In order to perform further investigations on thi@ysical behavior, it is essential to
suppress the leakage current. For this purposecadeécrease loss, chemical doping could be
envisaged as it has been performed jN#.NbO; perovskite phase [48]. Indeed, the vacant
crystallographic sites which characterize the TTBucure give a large possibility of

improvement, modification and control of the TTB®perties.
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Highlights:

» Puretetragona tungsten bronze phase films were grown by PLD in the KNN system
» TheTTB structural features were shown by transmission electron microscopy and
XRD

» Highly oriented thin films were grown on (100) and (110) SrTiO3 substrates
» Dielectric characteristics were determined at low frequencies and in microwave
* High dielectric permittivity (g, > 120) was witnessed up to 40 GHz
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