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Abstract IX

Abstract

KTaOs belongs to the group of incipient ferroelectrics, which are materials important
from the fundamental, as well as from the applications, point of view. It is well known in
its single-crystal form; however, the processing of technologically interesting ceramics
and thin films is a challenging task and knowledge of their dielectric properties is still at a
basic level.

In the frame of the thesis we have prepared KTaO; powder from mechanochemically
activated K,CO;-Ta,05 powder mixtures by heating at 800°C. The powders were found to
be heterogeneous at the microscopic level; therefore, additional heating at the same
temperature was performed. Single-phase KTaOs ceramics with relative densities above
95 % were obtained by hot pressing the powder compacts at 1250°C for 2 h. The ceramics
have a bimodal grain size distribution in the um range. The dielectric permittivity of the
hot pressed ceramic, prepared from the double-calcined powder, measured at 5 K and 1
kHz is 4080, which is almost twice the value obtained for the ceramic prepared from the
single-calcined powder. In fact it is comparable to the value reported for single crystals,
i.e., 4500.

The lattice dynamics of the KTaO3 ceramics with enhanced dielectric properties were
evaluated for the first time. Three polar modes expected for the cubic structure were
observed. As in single crystals, the lowest-frequency TO1 mode (soft mode) strongly
softens on cooling, while the TO2 and TO4 mode frequencies do not change with
temperature. The permittivity does not show any significant dispersion below the soft-
mode frequency and its value in the kHz and GHz ranges is mainly given by the intrinsic
polar lattice mode contribution. The soft-mode frequency agrees with the values found in
single crystals; this indicates a negligible influence of the grain boundaries on the
dielectric response in KTaOs;, unlike in other ferroelectric or incipient ferroelectric
perovskite ceramics.

Furthermore, we prepared solution-derived polycrystalline KTaO; thin films on
polycrystalline alumina and (0001) sapphire substrates. The 200-nm-thick phase-pure
perovskite films were obtained after heating at 900°C by adding 30 at.% excess of
potassium to the sols.

Broadband dielectric spectroscopy was employed to evaluate the properties of the
films. In contrast to the single crystals and ceramics, a peak was observed in the
temperature-dependent dielectric permittivity measured in a radio-frequency and
microwave ranges. The low-temperature ferroelectric state was fingerprinted by the quasi-
static polarization measurements. Analyses of the lattice dynamics of the KTaO; films on
sapphire revealed that the soft mode softens on cooling, with a minimum frequency at
~60 K. It was found to be linearly coupled to a central mode, which is silent in the
paraelectric phase, and becomes coupled to the polarization below ~60 K. The result
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gives strong evidence for the paraelectric-ferroelectric phase transition, which was not
observed before in polycrystalline KTaOs thin films.

We also studied the processing and properties of the solution-derived KTag ¢Nbg4Os3. It
is a composition in the solid solution of KTaO; with the ferroelectric KNbO;
(K(Ta,Nb)O3), and is a candidate material for microwave applications.

We have employed extended X-ray-absorption fine-structure spectroscopy to follow
the structural evolution of the potassium acetate and transition-metal alkoxide-based sols
upon refluxing. While the monomeric Ta-species were found to be rather inert, the
dimeric Nb-alkoxide started to form oligomers upon prolonged refluxing. The K-O-
transition-metal correlations were detected in all the sols and the number of K neighbors
around Nb increased upon refluxing, saturating at 24 h.

The formation of bimetallic species between K and both transition metals strongly
affects the crystallization behavior of the films on polycrystalline alumina substrates. We
obtained single-phase perovskite films after heating at 900°C only from the 24-h-refluxed
solutions, while the films prepared from the 1-h-refluxed solutions had a multi-phase
composition and heterogeneous microstructures. The dielectric properties were strongly
enhanced as well. The room-temperature tunability, measured at 1 MHz and an applied
field of 92 kV/cm, has the value of 3.8.

The room-temperature permittivity decreases from 2430 at 10 kHz to 590 at 14.5 GHz
and the relaxor-like behavior was confirmed by a fit to the Vogel-Fulcher law. Even
though this frequency dependence and the rather high dielectric losses represent a
challenge for the applicability of the solution-derived K(Ta,Nb)O; thin films in
microwave devices, the observed formation of nanoscale heterogeneities in the sols
provides a hint for further improvements to the functional properties.
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Povzetek

KTaOs je znacilni predstavnik feroelektrikov v zametku, ki so pomembni materiali
tako iz vidika temeljnih kot tudi aplikativnih raziskav. Kljub temu, da je zelo dobro
poznan kot monokristal, je podatkov o tehnolosko zanimivi keramiki ter tankih plasti zelo
malo, predvsem zaradi zahtevnega procesiranja. Prav tako so slabo poznane tudi njihove
dielektrine lastnosti.

V okviru doktorske disertacije smo pripravili perovskitne prahove KTaO; s
segrevanjem mehanokemijsko aktiviranih meSanic prahov K,CO;-Ta,0Os pri 800°C. Ker
smo opazili strukturno heterogenost na nanometrskem nivoju, smo jih dodatno segrevali
pri isti temperaturi. Enofazno perovskitno keramiko, z relativnimi gostotami visjimi od 95
%, smo uspesno pripravili s sintranjem pod pritiskom pri 1250°C. Keramika je imela
bimodalno razporeditev velikosti zrn na mikrometrskem nivoju. Dielektri¢nost, izmerjena
pri 5 K in 1 kHz, keramike pripravljene iz dvakrat kalciniranih prahov, je dosegla
vrednost 4080, kar je skoraj dvakrat toliko kot v primeru keramike iz enkrat kalciniranih
prahov. Za primerjavo, monokristal ima pri isti pogojih merjenja vrednost dielektri¢nosti
priblizno 4500.

V disertaciji je bila prvi¢ analizirana dinamika kristalne mreze v keramiki KTaOs. V
infrardecih spektrih smo opazili pasove, ki pripadajo trem razli¢nim resonancam znacilnih
za perovskitne materiale s kubi¢no strukturo. Frekvenca prvega nihanja, oznacenega s
TO1 (mehki nagin nihanja), ki je ve¢inoma posledica nihanja Ta>* ionov v Og oktaedrih,
se drasti¢no znizuje z nizanjem temperature. Pri frekvencah nizjih od mehkega nacina
nihanja dodatnih disperzij nismo opazili in dielektricnost, izmerjeno v radio ter
mikrovalovnem frekvencnem obmocju, lahko opiSemo zgolj z intrinzi¢nim prispevkom
dinamike kristalne mreze. ObnaSanje je zelo podobno kot v monokristalu, vrednosti
frekvenc mehkega nacina nihanja, ki so primerljive z vrednostmi pri monokristalu, pa
nakazujejo na zanemarljiv vpliv meja med zrni na dielektricni odziv keramike KTaOs.

Za primerjavo smo s sintezo iz raztopin pripravili tudi 200 nm debele polikristalini¢ne
tanke plasti KTaO;. Enofazne perovskitne plasti smo pripravili z nanosom solov, ki so
vsebovali 30 at.% prebitka kalija, na korundne oziroma (0001) safirne podlage, ter
segrevanjem pri 900°C.

Dielektricne lastnosti plasti KTaO3; smo analizirali s Siroko-frekvenéno dielektri¢no
spektroskopijo. Opazili smo vrh v temperaturni odvisnosti dielektri¢nosti, ki smo jo
izmerili v radio in mikrovalovnem frekven¢nem obmocju, kar je v nasprotju z opazanji na
monokristalih in keramiki. Prisotnost nizko-temperaturne feroelektri¢ne faze smo zaznali
tudi z meritvijo kvazi-stati¢ne polarizacije.

Analiza dinamike kristalne mreze plasti na safirnih podlagah je pokazala, da se
frekvenca mehkega nacina nihanja zniZuje z nizanjem temperature zgolj do ~60 K. V
teraher¢nih spektrih smo zaznali dodatno relaksacijo, tako imenovani centralni nacin
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nihanja, ki nad ~60 K ni aktivna, pod to temperaturo pa postane neposredno sklopljena s
polarizacijo. Opisano obnaSanje nakazuje na induciran prehod iz paraelektricne v
feroelektri¢no fazo, ki je bil v polikristalini¢nih tankih plasteh KTaOs opazen prvic.

Z metodo iz raztopin smo pripravili tudi tanke plasti KTagsNbg4Os3, sestave v trdni
raztopini KTaOs; s feroelektrikom KNbOs. Material se v literaturi omenja kot kandidat za
uporabo v mikrovalovnih elektronskih aplikacijah.

Plasti smo pripravili z refluksom kalijevega acetata in etoksidov obeh kovin prehoda v
2-metoksietanolu. S spektroskopijo podaljSane fine strukture rentgenske absorpcije smo
spremljali strukturo solov po razli¢nih casih refluksa. Ugotovili smo, da se struktura
monomernih molekul Ta alkoksida ne spreminja, medtem ko dimerne molekule Nb
alkoksida s casom prerascajo v oligomerne oblike. Povezavo med K in obema kovinama
prehoda preko kisika smo zaznali v vseh solih, vendar Stevilo K sosedov v Nb okolici
narasca s ¢asom refluksa ter se ustali Sele po 24 h refluksa.

Nastanek povezav med kalijem ter obema kovinama prehoda ugodno vpliva na
kristalizacijo plasti KTag¢Nb4O3 na korundnih podlagah. Enofazne perovskitne plasti
smo uspesno pripravili z nanosom solov po 24 h refluksu ter segrevanjem pri 900°C,
medtem ko so bile plasti, pripravljene iz solov refluktiranih 1 h, vedno vec¢fazne in so
imele heterogeno mikrostrukturo. Prav tako so se z daljSim ¢asom refluksa izboljsale tudi
dielektri¢ne lastnosti. Napetostna prilagodljivost plasti pripravljenih iz solov refluktiranih
24 h, izmerjena pri sobni temperaturi, 1 MHz in polju 92 kV/cm, ima vrednost 3.8.

Ugotovili smo, da je dielektricnost KTag¢Nbg4O3 plasti pripravljenih iz solov
refluktiranih 24 h, moc¢no frekven¢no odvisna in se zniza iz 2430 pri 10 kHz na 590 pri
14.5 GHz. Relaksorsko obnaSanje smo potrdili z opisom eksperimentalnih podatkov s
pomoc¢jo Vogel-Fulcherjevega zakona. Kljub temu da omenjeno obnaSanje in z njim
povezanim visoke dielektriéne izgube omejujejo uporabnost plasti KTagsNby4O;
pripravljenih iz raztopin v mikrovalovnih komponentah, bi lahko nadaljnje raziskave
lastnosti plasti v povezavi z opazenimi nano-metrskimi heterogenostmi v solih, pripeljale
do izboljsanja funkcijskih karakteristik.
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Abbreviations
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P00y

R QT

constant in Cochran law

cubic lattice parameter

Curie-Weiss constant

capacitance

diffusion coefficient

median particle size

Young’s modulus

electric field

coercive field

activation energy

resonant frequency

technical frequency

oscillator strength

Lotgering factor

strength of the central mode

thickness

integral intensity of the peak in the XRD pattern

wave vector

Boltzmann constant

mass

complex index of refraction

real part of the index of refraction

average number of the atomic species

tunability

polarization

remanent polarization

spontaneous polarization

ratio between the sum of the integral intensities corresponding to the (100)
family and the sum of the integral intensities of all the peaks in the XRD
pattern of the non-oriented sample.

ratio between the sum of the integral intensities corresponding to the (100)
family and the sum of the integral intensities of all the peaks in the XRD
pattern of the oriented sample.

porosity

quality factor

charge

normal reflectivity
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Abbreviations

distance

amplitude-reduction factor

gap

temperature

Curie point

freezing temperature

temperature of the permittivity maximum
Curie-Weiss temperature

temperature when the quantum fluctuations become important
complex transmission function

dielectric losses

voltage

strain

= linear thermal expansion coefficient

= coefficient of the dielectric non-linearity

= frequency of the central mode

= damping of the j-th longitudinal optic mode

= damping of the j-th transverse optic mode

= energy shift

= dielectric strength of the j-th optic mode
energy needed for heterogeneous nucleation

= energy needed for homogeneous nucleation
standard deviation

= complex dielectric permittivity

= temperature independent part of the permittivity

= real part of the dielectric permittivity

= imaginary part of the dielectric permittivity

= vacuum permittivity

= high-frequency permittivity

= diffraction angle

= contact angle

= imaginary part of the index of refraction

= Poisson’s ratio

= density

= relative density

= theoretical density

= radial frequency

= frequency of the longitudinal optic mode

= frequency of the transverse optic mode

= stress

= Debye-Waller factor

= mode-plasma frequency
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DC
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EXAFS
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MW
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PLZT
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electron-energy-loss spectroscopy
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infrared
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Jj-th longitudinal optic mode
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metal organic chemical vapor deposition
microwave

pulsed-laser deposition
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Pb(Mg:3Nb23)O3
Pb(Mgl/ng2/3)03-PbTiO3

polar nanoregions

Pb(Zr,Ti)Os

radio frequency

soft mode

transmission electron microscope
thermogravimetry

Jj-th transverse optic mode
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1 Introduction

The first chapter of the thesis is divided into two parts. In the first, the physical aspects of
the ferroelectrics and related materials are presented, including their applicability in
microwave devices. In the second part, the processing-related issues of the KTaO; and
K(Ta,Nb)Os ceramics and thin films are described.

1.1 Ferroelectrics and Related Materials

1.1.1 Ferroelectrics and Relaxors

Ferroelectrics are polar materials with at least two equilibrium orientations of the
spontaneous polarization P; in the absence of an external electric field at given
temperature. Direction of the spontaneous polarization can be switched between these
states by an external electric field E. They are distinguished by the strong nonlinear
electric field dependence of the polarization, i.e., ferroelectric hysteresis loop, shown in
Figure 1.1a. The zero-field polarization is called the remanent polarization P,, and the
field necessary to bring the polarization to the zero value is called the coercive field E...

a)

Polarization [uC/cm?]

T, Te
Electric Field Temperature

Figure 1.1: a) Typical ferroelectric (P-E) hysteresis loop. Remanent polarization P, and coercive
field E, are marked. b) Schematic temperature dependence of the dielectric permittivity &', inverse
permittivity //&" and spontaneous polarization P, of a first-order ferroelectric. The 7)) and 7¢ are
the Curie-Weiss temperature and Curie point, respectively.

The majority of ferroelectrics undergo a structural phase transition from the high-
temperature paraelectric phase into a lower-symmetry, low-temperature, ferroelectric
phase, which is associated with the peak in dielectric permittivity ¢’.i The temperature of
the phase transition is called the Curie point 7¢. Above the Curie point the permittivity

iStrictly valid below ~100 GHz.
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increases with decreasing temperature according to the Curie-Weiss law, as shown in
Figure 1.1b:

C
T_TO'

g =g+

(1.1)

where &, is the temperature-independent part of the permittivity, C is the Curie constant
characterized by an exceptionally high permittivity, especially in the vicinity of 7, which
can reach values of ~10™

and T, is the extrapolated Curie-Weiss temperature (7) < 7¢). Ferroelectrics are

The paraelectric-ferroelectric phase transition can be classified into:
= first-order, in which the spontaneous polarization vanishes to zero discontinuously
(e.g., BaTiOs),
= second-order, in which the spontaneous polarization vanishes continuously (e.g.,
LiNbOs).
In terms of the phase-transition character the ferroelectrics can be divided into:

= displacive, in which permanent dipole moment and spontaneous polarization
appear when the material is cooled through the Curie point (e.g., BaTiOs3),

= order-disorder, where the permanent dipole moments exist in the unit cells already
above the Curie point but because of their random orientation the spontaneous
polarization is zero; on cooling through the Curie point they become more ordered
and the spontaneous polarization appears (e.g., KH,POj).

Most of the ferroelectric materials of practical interest, such as BaTiO;, Pb(Zr,Ti1)O;
(PZT), (K,Na)NbO; (KNN), etc., are of the displacive type. However, as discussed in the
Appendix, these are only the limiting cases and real materials often exhibit elements of
both [1,2].

Many of the useful ferroelectric materials are in fact solid solutions. Some of them,
such as Pb(Mg,3Nb,3)O3 (PMN), (Pb,La)(Zr Ti)O; (PLZT), (K,Na,Sr)(Nb,T1)O; etc. are
characterized by a broad and strongly frequency-dependent peak of dielectric permittivity
g’ (Figure 1.2a). These are called relaxors. The common feature of all oxide relaxors is
compositional disorder, i.e., a heterogeneous distribution of the ions on the
crystalographically equivalent sites. Relaxor behavior was observed in the perovskites
with a B-site disorder of the heterovalent ions (PMN), in non-stoichometric solid
solutions with A-site vacancies (PLZT), as well as in homovalent solid solutions, such as
Ba(TiZr)Os. In their paraelectric state the permittivity increases with decreasing
temperature according to the Curie-Weiss law (Equation (1.1), Figure 1.2a). At the Burns
temperature 73, the inverse permittivity //¢’ starts to deviate from the linear temperature
dependence and the ergodic relaxor state appears. The source of this peculiar behavior are
the polar nanoregions (PNRs), whose relaxation dynamics are mainly governed by dipole
reversal (flipping) and a fluctuation of their volume (breathing), both with a wide
distribution of the relaxation times [3]. On further cooling, the dynamics of the polar
PNRs slows down tremendously and the distribution becomes extremely wide. At the
freezing temperature 7y the longest relaxation time diverges and the non-ergodic relaxor
state appears [4,5]. The size of the PNRs below T} is typically of the order of 5-10 nm.
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Even though the presence of the compositional disorder seems to be a universal property
of relaxors, its correlation to the PNRs is still not completely understood [6].

Slowing down of the PNRs dynamics is associated with the appearance of the
frequency-dependent permittivity maximum, which in contrast to the ferroelectrics is not
associated with the structural phase transition. However, the long-range ferroelectric
order can be induced by the application of an electric field (e.g., PMN), or in some cases
the spontaneous transition to the ferroelectric state takes place (e.g., PMN-PT) [6,7].

b)

Polarization

Temperature Electric Field

Figure 1.2: a) Schematic temperature dependence of the permittivity &, inverse permittivity /&’
and spontaneous polarization P, of the relaxor. An arrow is indicating the increase of the
frequency. b) Slim relaxor P-E hysteresis loop.

Slim P-E loops are distinctive for relaxors and the spontaneous polarization P; may
persist far above the temperature of the permittivity maximum 7, (Figure 1.2). The T},
is connected to the frequency through the Vogel-Fulcher law [8]:

= Ea 1.2

where E, is the activation energy, k£ is the Boltzmann constanti and 77 is the freezing
temperature.

Different properties of ferroelectric and relaxor materials have been exploited in a
wide range of devices, such as sensors, actuators, micro-electro-mechanical systems
(MEMS), storage devices, etc. In addition to the already-established technologies, new
devices are emerging in which ferroelectrics-based materials are expected to play an
important role in the near future, for instance electro-caloric cooling and electronically
tunable devices for wireless communication systems [9-11].

1.1.2 Ferroelectrics in Microwave Devices

Ferroelectric materials are gaining importance in the field of microwave (MW) devices
and ferroelectric varactors have been realized in a number of components, such as phase
shifters, tunable filters, impedance matching networks, etc. [12]. In comparison with the
semiconductor and MEMS varactors, the ferroelectrics are characterized by a high tuning

if=8617x10%eV/K
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speed, relatively low dielectric losses (especially compared to semiconductors at higher
frequencies), good reliability and low costs [13]. Displacive ferroelectrics are mainly
considered for the purpose.

Their main functional property is a strong electric field dependence of the dielectric
permittivity. It is characterized by the tunability n, defined as the ratio between the
permittivity at zero applied field £'(0) and the permittivity at non-zero field &’(E):

_ €00
n= 2 (5 (1.3)
and the relative tunability is defined as:
B £'(0) — £'(E) B 1
nr—w—l—g (14)

In the vicinity of the Curie point 7¢ the dielectric response of ferroelectrics can be
described in terms of the Landau phenomenological theory, which is based upon a series
expansion of the Helmholtz free energy with respect to the macroscopic polarization P. In
the paraelectric phase, taking the first two terms of this expansion, the electric-field-
dependent permittivity £'(E) has the form of [14]:

1

€(E) = &0 T35 0ye,p7

(1.5)

where £ is the phenomenological coefficient of the dielectric non-linearity and & is the
vacuum permittivity.i Combining Equations (1.3) and (1.5) the tunability »n reads as:

n=1+3Be(0)ggP? ~ 1+ 3B(c'(0)gy)3E?. (1.6)

The above equation is valid in the limit of small fields (n, << 1). In the case of higher
fields, when n >> 1, it is modified to [14]:

n~ 3BY3&'(0)e E?/3. (1.7)

In any case, the above two equations indicate that in order to obtain high tunability values
the material should possess high zero-field permittivity £'(0) and high coefficient of the
dielectric non-linearity f. The respective values of typical microwave ferroelectrics are
given in Table 1.1. As a rule of thumb for the applicability the material should have the
tunability values above ~1.5 (n, > 0.3) [14].

Another important property of the ferroelectric material is the dielectric losses tano,
defined as the ratio between the imaginary ¢’ and real ¢’ parts of the frequency-
dependent complex dielectric permittivity £'(w) = &'(w) — i&’’(w):

g

tand = - (18)
&

which are often expressed as a quality factor Q = I/tand. To avoid the hysteresis and

ig,=8.85x 10" F/m
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dielectric losses associated with the absorption of the domain walls, the ferroelectrics are
usually considered in their paraelectric phase [14].

Table 1.1: Permittivity ¢’, dielectric losses tand, and non-linear coefficient S of typical
microwave ferroelectrics in their single-crystal form.

Material T [K] e tand LI C*m°] Ref.
SrTiO; 54 ~250000 34x10°(3GHz) 8x10°  [14,15]
BagesSro3s0s 300 ~3100 0.02 (10 GHz) 28x10°  [14,16]
KTaOs 54  ~4500" 42x10°(3GHz) 9x10°  [15,17]

“Low-temperature plateau value

The microwave dielectric losses of a displacive ferroelectric in the paraelectric state
are the sum of the intrinsic and extrinsic contributions. The main mechanisms of the
intrinsic losses are:

= the three-quantum contribution (interaction of one photon with two phonons),
» the four-quantum contribution (interaction of one photon with three phonons).

The presence of the external electric field breaks the symmetry of the material and
additional loss-mechanisms appear:

= the quasi-Debye contribution (relaxation of the phonon distribution function),
= the transformation of the microwave signal into an acoustic wave.

The intrinsic mechanisms fix the lower-losses threshold for the specific ferroelectric
material. However, with the exception of high-quality single crystals, the losses are
usually governed by the extrinsic contributions:

= the losses due to charged defects (dielectric activation of acoustic waves due to the
defects motion)

= the losses due to local polar regions (quasi-Debye mechanism in the polar regions
surrounding defects),

= the Curie-von-Schweidler relaxation.

Even though there are several theoretical attempts to describe the extrinsic losses in
paraelectric materials, more research is needed to completely understand the microwave
loss-phenomena in ferroelectric materials [12-14].

Ferroelectrics can be employed in microwave devices as single crystals, ceramics,
thick films, or thin films. While the first usually have excellent dielectric properties, their
production is expensive, and ceramics represent a cost-efficient technological alternative.
However, the application of relatively thick bulk materials requires high tuning voltages
of the order of kV.

In recent years the main driving force for the development of the field has been thin-
film technology, which enables easier integration, the use of lower bias voltages and
substantial miniaturization of the microwave components. The desired properties of the
thin-film varactors are a high tunability (n > 1.5), low dielectric losses (tano < 0.01) and
low fabrication costs on an inexpensive substrate. To achieve high performance the
substrate should have a low permittivity and low microwave dielectric losses.
Alternatives include single crystals of MgO, LaAlOs, different cuts of sapphire and the
low-cost polycrystalline alumina (Table 1.2).
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Table 1.2: Room-temperature dielectric properties of the substrates typically used in thin films for
microwave devices [12,13].

Substrate g tand (10 GHz)

MgO 9.8 <2x10°
LaAlO; 24 3x10*
(0001) sapphire 11.5 <5x107
alumina 9.8 ~10*

1.1.3 Incipient Ferroelectrics

An important group of materials that has been considered for microwave applications is
the incipient ferroelectrics, especially SrTiOs; and KTaOs;. They are characterized by an
increasing permittivity with decreasing temperature (Figure 1.3), which at higher
temperatures obeys the Curie-Weiss law (Equation (1.1). However, the ferroelectric phase
does not appear, either because the extrapolated Curie-Weiss temperature 7y lies below 0
K, or quantum fluctuations suppress the long-range ordering. The latter materials are a
subgroup of the incipient ferroelectrics, called quantum paraelectrics [18]. In any case, the
permittivity saturates at low temperatures according to the Barrett equation [19]:

c
& = &+ T T . (1 9)
1 1 :
i coth (_ZT) - T,

where, 7 denotes the temperature where the quantum fluctuations start to play a role and
& 1s the temperature-independent part of the permittivity. Note that the above equation
becomes the Curie-Weiss law in the T >> T limit. Typical values of the low-temperature
permittivity are between 10* and 10* (Table 1.1).

0 20 40 60 80 100
TIK

Figure 1.3: Schematic temperature dependence of the permittivity ¢’ and inverse permittivity //¢’
of the incipient ferroelectrics.

Dielectric permittivity of the incipient ferroelectrics is completely described by the
contribution of the polar optic phonons. Their behavior is purely displacive and the
permittivity &’ increase is driven by the softening (decrease of frequency) of the lowest-
frequency polar optic mode (soft mode, SM) only (see Appendix). No dielectric
relaxation is present below the soft-mode frequency sy, lying in the THz frequency
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range, and in the absence of defects their microwave dielectric losses tano are very low,
primarily caused by the intrinsic multi-phonon mechanisms.

1.1.3.1 KTaO;

KTaOs is one of the prototype incipient ferroelectrics. It stays in the cubic structure with
the space group Pm3m at all temperatures and the permittivity reaches a low-temperature
value of ~4500 [20]. The typical parameters of the Barrett equation (Equation (1.9)) are
collected in Table 1.3.i

Table 1.3: Parameters of the Barrett equation for the KTaO; single crystal ((100) direction) [21].

C T] Tg &p
54500 K 57K 13.1K 47.5

KTaOs has a slightly larger non-linear factor £ than SrTiOs; still it is less tunable
because of the lower permittivity value (Table 1.1). Its advantage lies in the very low
intrinsic microwave dielectric losses tand. Geyer et al. [15] measured the KTaOs single
crystal at 3 GHz and obtained tanod values of 4.2 x 10'5, 89 x 10° and 14 x 10'4,
measured at 5.4 K, 77 K and 300 K, respectively (Figure 1.4).

10°
300 K
%=}
510° 5
} 77K
5.4 K
10-5 Yy y B SR A R R Nkl il T
1 f [GHz 10

Figure 1.4: Frequency dependence of the dielectric losses tand of the KTaO; single crystal
measured at different temperatures. After Geyer et al. [15].

KTaOs has also been studied as a model ABOs-type ferroelectric compound, whose
crystal lattice is highly polarizable. Even extremely small amounts of impurities or lattice
defects, forming re-orientable dipolar entities inside the KTaO; crystal lattice, have a
profound effect on its dielectric properties [22]. In the limit of small concentrations (of
the order of 0.01 at. %) the PNRs formed around the polar entities do not interact with
each other. The corresponding dielectric relaxations are observed in the radio-frequency
(RF) and MW ranges as the peaks in the dielectric losses tand, whose frequency-
dependent maximum temperature obeys the Arrhenius law:

iParameters slightly vary in different reports.
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Ea
W = Wy EXp (— kTmax>. (1.10)
In fact, low-temperature relaxation was observed even in the “nominally pure” KTaO;
single crystals, with the tano peak at ~45 K and 1 kHz (Table 1.4) [20]. Its exact origin is
difficult to determine; however, it is most probably related to the presence of Li-
impurities [22-25]. The parameters of the Arrhenius-type relaxations of the KTaOs single
crystals doped with several transition-metal ions are collected in Table 1.4.

Table 1.4: Temperature of the tand maximum measured at 1 kHz, Arrhenius activation energy £,
and attempt frequency ay, of the KTaO; single crystals doped with various ions. The
concentration of all the dopants is between 0.01 at.% and 0.1 at.%.

Dopant T, (1kHz) [K] E,[meV] @ [s] Ref.
“pure” 48 86* 4.7x 10" [23]
Mn** 55 110 5x 10" [23]
Fe** 185 340 3.3x 10" [23]
Fe** 150 300 1x 10" [23]
Co*" 186 360 4x10" [26]
Ni** 193 400 1.5x 10" [26]

*Values vary in different reports from ~70 meV — 90 meV and it was even suggested
that the peak is composed of two individual peaks.

If the concentration of the polar entities inside the crystal lattice is increased the PNRs
may start to interact, and the relaxor-like features are observed in the dielectric spectra.
Typical examples of such behavior are KTaOs single crystals doped with 0.3 at.% of
Mn”" or with 1 at.% of Li". In the case of Nb’* doping, even the long-range ferroelectric
order is established above ~2 at.%. The exact behavior depends on the type of the dopant
[22,27].

1.1.3.2 Dielectric Grain Size Effect in Incipient Ferroelectric Ceramics

Because of the absence of ferroelectric domains, the incipient ferroelectric ceramics are
convenient for studies of the grain-size effect on the intrinsic dielectric permittivity value.
In ferroelectrics and similar materialsi the effect can be rather important, and takes place
when the grain size is below ~1-10 um. Its explanation is far from being trivial, mainly
because different sintering techniques are employed, such as conventional sintering,
pressure-assisted sintering, two-step sintering and spark-plasma sintering, resulting in a
different defect-state of the investigated ceramics. Nevertheless, the effect has been
mainly attributed to the presence of the low-permittivity layer at/near the grain boundary
[28].

In fact the most profound grain size effect of all the ferroelectrics-based ceramics was
observed in SrTiOs;. The low-temperature permittivity &’ value has never exceeded
~10,000, which is more than half the value of the averaged response of the SrTiO; single
crystals (~25,000) [29-31]. The plateau value strongly decreases with decreasing grain

iThe materials exhibiting so-called colossal permittivity, such as CaCu;Ti40,, are not considered here because the origin of high &’
values is not intrinsic (of lattice contribution), but it arises from the Maxwell-Wagner-type contributions.
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size, reaching 700 in the case of spark-plasma-sintered ceramics, with a grain size of ~80
nm. Petzelt and co-workers [29,30,32] analyzed SrTiOs ceramics with different grain
sizes using THz, IR and Raman spectroscopies and combined the data with the literature
results on high-resolution and analytical TEM investigations of ceramics and bi-crystals,
as well as with the first-principle calculations of the grain-boundary structure [33-35].
They explained the remarkable effect by the universal 3-layer structure of the SrTiO;
grains. The grain boundary is ~1 nm thick, has a permittivity & value of ~10, and is
charged due to the O-deficiency. The middle layer has an &’ value of ~500 and is
polarized with the local dipole moment normal to the grain boundary, which gradually
decreases towards the center of the grain. Its thickness increases from ~3 nm to ~6 nm in
the temperature range from 300 K to 5 K. The appearance of this layer was explained by
the migration of different charged defects during the high-temperature processing in order
to compensate for the charge of the grain boundary. The core of the grains was assumed
to be the same as in single crystals. Further investigations on other incipient ferroelectric
ceramics are needed.

1.1.3.3 Strain-Induced Ferroelectricity in Thin Films of Incipient
Ferroelectrics

Even though the incipient ferroelectrics stay in their paraelectric phase at all temperatures,
they are very sensitive to any perturbations of the crystal lattice and the ferroelectric
phase was experimentally induced by:

» doping [22,36],

= external electric field (proven for SrTiOs only) [37],

= isotope exchange of '°O with *O (proven for SrTiO; only) [38],

* uniaxial stress [39,40],

= or, in the case of thin films, by biaxial strain [41,42].

There are also theoretical predictions of the ferroelectricity in nanosized incipient
ferroelectrics. Using a first-principles-based calculation, Akbarzadeh et al. [43] predicted
that the ultrathin 2.8-nm-thick (100) oriented KTaO; films are ferroelectric. Additionally,
using the Landau-Ginsburg-Devonshire phenomenological approach, Morozovska and
co-workers[44] observed that the ferroelectric phase could be stable in the KTaO;
nanorods with a diameter less than 5-20 nm, even at room temperature.

The residual stresses in thin films of incipient ferroelectrics can have different origins,
such as defects, lattice mismatch between the film and the substrate, the mismatch in
thermal expansion coefficients, etc. [45].i The last two contributions arise from the
presence of the substrate and distinguish thin films from bulk materials. Usually, they
prevail and the total in-plane stress o, can be expressed as:

Otot = Oepi T Otherm (1.11)

where the epitaxial o,,; and thermal oy, stresses are defined as:

im polycrystalline thin films the so-called “growth stress” may also arise during the crystallization. It might be tensile or compressive,
however, it is difficult to evaluate it, and the films are often considered to be in the zero-stress state before cooling from the
crystallization temperature.
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E E as—af
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E E
Otherm = 1T "Utherm = m ((af - as) ’ (Tcry - T)) (113)

y
In the above equations, E is the Young’s modulus and v is the Poisson’s ratio of the film,
as and ar are the in-plane lattice parameters of the substratei and of the unstrained film,
while oy and a; are their respective thermal expansion coefficients. The ue,; and e are
the epitaxial and thermal strains, respectively. The 7., is the crystallization temperature.
The in-plane biaxial stress in thin films is usually isotropic [46].

The influence of the biaxial epitaxial strain [47]ii  on the (100) oriented single-domain
epitaxial SrTiO; thin films was theoretically addressed by Pertsev at al. [48,49] using the
Landau-Ginsburg-Devonshire theory. They showed that a large enough tensile or
compressive strain should induce ferroelectricity, with the polarization lying in-plane and
out-of-plane, respectively, with the Curie point depending on the strain magnitude (Figure
1.5). A very similar result was obtained later, also by first-principles studies and the thus
obtained theoretical strain interval, in which the film should still be paraelectric, is -0.22
% <u<0.16 % [50].ii

1 (100) SrTiO,
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Figure 1.5: Schematic presentation of the temperature — in-plane biaxial strain # phase diagram of
the epitaxial single-domain (100) SrTiOs thin films obtained from the thermodynamic analysis.
The arrows indicate the expected direction of the polarization: in-plane and out-of-plane for the
tensile and compressive strains, respectively. The ranges of the ferroelectric transitions are due to
the spread of the reported coefficients used in the calculation [48,51].

Strain-induced ferroelectricity was experimentally confirmed in molecular-beam-
epitaxy-derived (MBE) (100) SrTiOs films on (110) DyScO; substrates by Haeni et al.
[51]. The XRD analysis showed that the 50-nm-thick films were under 0.8 % tensile
epitaxial strain. The authors observed the maximum of the in-plane dielectric permittivity

iCubic crystal structure (or pseudo-cubic) of the film and the substrate are assumed.

lifp epitaxial thin films strain is often considered because it can be evaluated directly from the XRD measurements. Besides, in the
case of very high strains the Hook’s law might not be completely valid anymore.

iiiThe convention is that the tensile and compressive strains (stresses) are denoted with positive and negative signs, respectively.
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g’ at ~293 K, measured at 10 GHz. Employing broadband dielectric spectroscopy,
including the soft-mode analysis, the in-plane ferroelectricity was also confirmed by other
groups in ~100-nm-thick films on DyScOs;, grown by pulsed-laser deposition
(PLD) [52,53]. Interestingly, Wordenweber and co-workers [52] showed that the
ferroelectricity can be induced in the (100) SrTiOs films deposited on a CeO,-buffered
(1102) (r-cut) sapphire substrate, which do not show an epitaxial relationship with the
substrate. Instead, they explained it with the tensile thermal strain arising from the
thermal expansion coefficients’ mismatch. The films with thicknesses in the range from 8
nm to 710 nm had a thickness-independent transition temperature at ~210 K.

Despite the theoretical and experimental evidence, the nature of the strain-induced
ferroelectricity in SrTiOs thin films is still unclear. Biegalski et al. [54] prepared 50-nm-
thick 1 % tensile strained (100) SrTiO; films on (101) DyScOs substrates using MBE.
The ferroelectric-like polarization loops were obtained; however, the in-plane dielectric
properties, measured from 500 Hz to 10 GHz, showed strong relaxor-like frequency
dispersion. In addition, the diffusion of the Sc into the film, and thus the unintentional
doping of the films, was observed.

Concerning the compressively strained SrTiO; films, the ferroelectricity was
determined by means of piezo force microscopy (PFM) in ultrathin 3-nm-thick ~ -1.7 %
strained film on (100) Si substrates, grown by the MBE method [55]. The question arises
from the recent report of Nuzhnyy et al. [56], who analyzed 1.1 % compressively strained
17-nm-thick MBE-derived SrTiO; films on (110) NdGaOs; substrate. Neither XRD, nor
polarized IR spectroscopy provided evidence for the out-of-plane ferroelectric phase
transition, which should appear according to the theory (Figure 1.5). The result is in
agreement with Ref. [57] in which only relaxor-like behavior of the 60-nm-thick films
with the 7, value ~150 K and slim polarization loops below 50 K was observed. Only a
strongly stiffened soft mode was observed also in the case of PLD-derived (100) SrTiOs
films on the (100) LagsSros2AlpsoTag4Os substrates (0.9 % compressively
strained) [58].

Surprisingly, room-temperature ferroelectricity was observed in the 100-nm-thick
PLD-derived homoepitaxial (100) SrTiO; films with a StRuO; top and bottom electrode
[59,60]. The tetragonalityi of the films increased with decreasing partial oxygen pressure
during the deposition and the authors attributed the induced ferroelectricity to the
presence of the vacancy-related defects. Recent papers report on studies of MBE-derived
homo-epitaxial (100) Sr;4TiOs5 films, with x ranging from -0.2 to 0.25 [57,61]. A-site-
deficient films showed strong first-order Raman scattering peaks on cooling below
~350°C, which is forbidden in the cubic paraelectric state. Importantly, the first-order
Raman peaks were observed also at 10 K in the nominally stoichiometric SrTiOs films.
The general conclusion is that all Sr-deficient and nominally stoichiometric SrTiO; thin
films (authors claim that also single crystals) are to some extent relaxors. The polar
nanoregions, with short-range correlation lengths, arise from the A-site non-
stoichiometry. The role of the biaxial strain in the induced ferroelectricity observed in
SrTiO; films is the stabilization of the long-range correlation between the pre-existing
nanopolar regions.

iDefined as ¢/a — 1, where ¢ and a are the out-of-plane and in-plane lattice constants of the film.
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Much less data is available regarding the strain-induced ferroelectricity in epitaxial
KTaOs thin films. Recently, Tyunina et al. [42] prepared by PLD 2.1 % compressively
strained 9-nm-thick (100) KTaO; films on conductive (100) Nb-doped SrTiO; substrates.
A ferroelectric phase transition as high as ~700 K was determined from the out-of-plane
RF dielectric measurements and the optical index of refraction n. The epitaxial KTaO;
films did not show any relaxor-like dielectric behavior. The result is in agreement with
their first-principle analysis, which predicted that the paraelectric strain gap is -1.0 % <
Uepi < 0.5 %.

Despite the fact that the majority of the literature data on induced ferroelectricity in
incipient ferroelectrics is focused on epitaxial films, it has been observed before also in
polycrystalline SrTiOs thin films. Galt and co-workers [62] analyzed 550-nm-thick PLD-
derived films on LaAlOj; substrates. These films, with an in-plane grain size of ~50 nm,
had the ferroelectric phase transition at ~160 K, as determined from the in-plane
polarization-loop measurements. No explanation of its origin was given. Ostapchuk et al.
[63] performed high-resolution soft-mode spectroscopy of three polycrystalline SrTiO;
thin films prepared by metal organic chemical vapor deposition (MOCVD) and chemical
solution deposition (CSD) on a c-sapphire substrate. All the films had an ~100 nm in-
plane grain size and were under tensile strain. The MOCVD-derived film was fully (111)
oriented, while the CSD-derived films showed a weak preferential (100) orientation.
Their respective thicknesses were 290 nm and 360 nm (or 720 nm). The onset of the
ferroelectric phase at ~125 K was unambiguously confirmed for the MOCVD film, while
only strong soft-mode stiffening was observed in the CSD-derived films. The latter effect
was more pronounced in thicker films, which was interpreted with the influence of the
percolated and crack-type porosity along the grain boundaries (normal to the probe field
direction).

1.1.4 Solid Solutions of Incipient Ferroelectrics with the Ferroelectrics

The applicability of incipient ferroelectrics in microwave devices is limited to cryogenic
temperatures, where the permittivity is large enough to be efficiently tuned. To enhance
the tunability at higher temperatures, the solid solutions of incipient ferroelectrics with
ferroelectrics have been intensively studied. The most well-known is the solid solution of
BaTiO; and SrTiO; (BST), whose Curie point, and consequently the permittivity and
dielectric losses, can be tuned through the composition from 390 K down to 0 K [16].
Even though the dielectric losses tand increase and the non-linearity £ decrease with
increasing Ba concentrations (Table 1.1), the BST films, for instance Bag ¢Sro4Ti03, have
already been employed in different room-temperature microwave devices. However, the
search for alternative materials continues [13,14].

1.1.4.1 K(Ta,Nb)O;

K(Ta,Nb)Os (KTaxNb; O3, KTN) is a solid solution of KTaOs; with KNbO; and is
expected to show complete solubility in the whole compositional range [64-66]. Its Curie
point can be varied by the Ta/Nb ratio from 708 K to 0 K; therefore, it represents a direct
analogue to BST. The solid solution has four structural phases, i.e., cubic, tetragonal,
orthorhombic and rhomobohedral. The Curie point and the temperature stability ranges of
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the polar phases decrease with increasing Ta content (Figure 1.6), until x = 0.9, where
only a single phase transition from cubic to rhombohedral phase is present. At x > 0.992
the ferroelectric phase transition is no longer observed [27]. Because of Nb off-center
dynamics in [111] direction KTN is considered as a mixed displacive- and order-disorder
ferroelectric [67,68]. The temperature dependence of the dielectric permittivity of the
KTaxNb; O3 single crystals of various compositions is shown in Figure 1.7 [66].
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Figure 1.6: KNbO;-KTaO; phase diagram. Dashed lines indicate transitions between the cubic,
tetragonal, orthorhombic and rhomobohedral phases. After Reisman et al. [65] and Triebwasser et
al. [64,66].
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Figure 1.7: Temperature dependence of the dielectric permittivity &' for the KTa,Nb, O3 solid
solution for different compositions measured at 10 kHz. After Triebwasser [66].

Venkatesh et al. [23] evaluated the 1-MHz tunable properties of KTagcNbg4Os3
ceramics. The room-temperature tunability n of the hot pressed ceramics, which were in
the cubic phase at room temperature, was 1.7 at 20 kV/cm, while the evaluated S factor
was 3 x 10°J C* m’. For comparison, the BagSrp4TiO; ceramics exhibit a tunability of
1.8 at the same applied field, and have a £ factor of 3.2 x 10° J C* m’ [8,24]. However,
the permittivity value of the KTaysNb4O3; ceramics was strongly frequency dependent
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(see Chapter 1.2.2).
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1.2 Processing and Dielectric Properties of KTaO;-Based
Ceramics and Thin Films

1.2.1 KTaO; Ceramics

The phase diagram of Ta,0s5-K;O (K,COs3) in the whole compositional range was
published by Reisman and co-workers (Figure 1.8) [69]. Four compounds with different
K/Ta ratios were determined: KTasO13, K;Tas0;;, KTaO; and K;TaO4. The perovskite
KTaOs phase melts at 1370°C. The temperature of the eutectic melting between KTaO3
and K3TaO, is 1090°C.

In a later study by Roth et al. [70] part of the diagram between Ta,Os and KTaO3 was
found to be much more complicated, consisting of KTasO;3, K4Ta 0027, KoTasOy;, two
hexagonal phases, as well as four high-temperature tungsten-bronze-type compounds,
whose composition may vary (Figure 1.9).

T l T l T T T
1872 °C
a Ta,0; + Liq.
1800— —
1545 © Liquid
B | + Liq. B
0 Ta,0, + | g Il + Lig.
1520 °C
1400— 1360 °C 1370 °C 1330 °C —
o
e |+ ,
= | Il + Lig.
B Ta,0, + | I+ 111 1123 °C
1090 °C
1000— . _ —
= = = >
2; Oj %m 1+ 1V %v
B = o = =,
X ;‘ o 4
600 1 | 1 | | 1 | 1
0 20 40 60 80 100
mol % K,0 mol % K,CO,
Ta,O, K2C03

Figure 1.8: Ta,05-K,0 (K,CO;) phase diagram. After Reisman et al. [69].

Even though KTaOj; single crystals have been intensively studied since the 1960s the
reports on ceramics have only recently started to emerge. The reasons for this scarcity of
experimental data lie in the extremely demanding processing, often resulting in ceramics
with secondary phases and low densities. Difficulties arise from:

= the hygroscopicity of the starting carbonate compound,
= the sublimation of potassium species at high processing temperatures [71],

= the very covalent character of the Ta—O bond, which inhibits the diffusion process
(see Table 1.6).
While the first two are characteristic for all potassium- (alkaline-)based ferroelectric
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materials, the high degree of the covalent bonding is specific to those containing Ta. It
originates from the significant radial extension of the Ta 5d orbitals, which then spatially
overlap with the O 2p orbitals [72,73].
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Figure 1.9: Ta,05-KTaO; phase diagram. GTB — Gatehouse tungsten bronze at 89 % of Ta,0Os;
TTBs — tetragonal tungsten bronze with superstructure between 83.3 % and 80 % of Ta,Os; HTB
— hexagonal tungsten bronze at 77.3 % of Ta,0Os; H; — hexagonal phase at 73.85 % of Ta,Os; H, —
hexagonal phase at 73.5 % of Ta,Os. TTB — tetragonal tungsten bronze near 66 % of Ta,Os
(K¢Tay05030). After Roth et al. [70].

According to Axelsson and co-workers [71] the reaction between the K,CO; and the
Ta,Os to a perovskite phase is a two-step process through an intermediate K,TasOy;
compound, which is achieved at ~900°C:

o

~620°C
K,CO3 + 2Ta,05 —— K,Ta,04, + CO, (1.14)

When they sintered the stoichiometric powder compacts at 1340°C in air, the obtained
relative densities were ~77 %. The relative density was increased to 85 % by the addition
of the K,COj3 excess into the pre-reacted KTaOs; powder. The effect was attributed to the
appearance of the liquid phase due to eutectic melting (Figure 1.8). Higher densities, i.e.,
87 % and 90 %, were obtained by Chen et al. [74] and Tkach et al. [75], respectively, by
sintering the stoichiometric powders at 1330°C and 1350°C. However, with the exception
of Chen et al. [74] the presence of the kinetically stabilized K¢Ta;9 3030 phase (Figure 1.9)
after the sintering of stoichiometric powder compacts was always observed. The XRD
phase-pure perovskite ceramics were successfully prepared with the addition of the 5 %
excess of K,CO3 [71,75].
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The densification process was successfully enhanced with the addition of MnO,[76,77]
or Mn,0s[76]. Using 3 wt.% of the latter compound a relative density of 95 % was
obtained after sintering at 1280°C [76]. The effect can be explained by the aliovalent
substitution of the Mn*", Mn3+, or Mn*" on either the A- or B-site and the formation of
vacancies on the A- or oxygen-site, respectively, resulting in the enhanced lattice
diffusion. However, A- and B-site substitutions result in strongly modified dielectric
properties (Chapter 1.1.3.1) [77-79].

The density of the single-phase ceramics was successfully increased to 92 % by Chen
et al. [74], who employed isostatic hot pressing at 1310°C.

The dielectric properties of the KTaOs ceramics collected from the literature are shown
in Table 1.5. The dielectric permittivity & of the KTaO; ceramics shows typical incipient
ferroelectric behavior, as expected from single crystals. To the best of our knowledge
broadband dielectric characterization, which would confirm the intrinsic nature of the
permittivity behavior, has not been performed yet.

The values of the dielectric losses, which are higher than in the single crystals, are
indicating some extrinsic mechanisms associated with the defects. Additional dispersion
regions were observed in the tano spectra of the ceramics and their intensity was found to
be strongly processing dependent. They were attributed to the presence of impurities [74].
potassium deficiency [71,75], charged defects at the grain boundaries [71,74], or
secondary phases [71,74,75].

Table 1.5: Low-temperature permittivity &', dielectric losses tand, and measured frequency f of the
KTaO; ceramics taken from the literature. Reported relative density p,.; and grain size are also
given.

Grain size p,, g tand T f Ref.
1-8um  92% | 2000 0.01 5K 100kHz | [74]
~1 um 85% | 3100 0.003 15K ~1GHz | [71]
6.5 um  88% | 4000 0.008 10K 100Hz | [75]

1.2.2 K(Ta,Nb)O; Ceramics

Even though the KTN solid solution was reported to show complete solubility across the
whole compositional range (Figure 1.6), Hill et al. [80] additionally studied the subsolidus
phase relations. On the basis of the high 268 angle XRD analysis of the samples prepared
by the conventional solid-state and hydrothermal synthesis, they concluded that a
significant immiscibility gap exists in the K(Ta,Nb)Os3 phase diagram and care should be
taken during the processing (Figure 1.10).
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Figure 1.10: Subsolidus phase relations in the KNbO;-KTaO; phase diagram. After Hill et al.
[80].

Additional obstacles during the processing of KTa ¢sNbg 403 may arise from the kinetic
factors. As can be observed from Table 1.6, Ta is the slowest diffusional species in the
course of the processing of K(Ta,Nb)Os ceramics. Furthermore, the extrapolated diffusion
coefficient of Ta at 800°C is 7 orders of magnitude smaller than that of Nb.i

Table 1.6: Maximum diffusion coefficient Dy, activation energy E, and the value of the diffusion
coefficient extrapolated to 800°C Dggyoc of the K, Ta, Nb and O species [81-84].

K Taa Nb® O
Dy [m¥s] 3.7x107 677 3.6x107 12
0 [kJ/mol] 100 590 263 85

Dgppoc [M*s] ~5x10" ~107°  ~10"  ~107
SDiffusion of potassium ions in alkali silicate glass.

"Diffusion of tantalum in [-Ta,0s.

‘Diffusion of niobium in different niobium silicides.

Diffusion of oxygen ions in Pb(Zr,Ti)O;.

Xu et al. [85] employed extended X-ray-absorption fine-structure spectroscopy
(EXAFS) to investigate the B-site compositional homogeneity of KTN powders prepared
by an alkoxide-based hydrolytic sol-gel route and conventional solid-state synthesis.
While the former method yielded powders with a uniform Ta/Nb distribution already after
heating at 700°C, it was impossible to prepare homogeneous powders via solid-state
synthesis. Furthermore, deliberately introduced heterogeneities in the sol-gel processed
powders could not be eliminated even after heating as high as 1000°C.

An additional method to improve the processing of KTaOs-based ceramics might be
the mechanochemical activation of the starting-powder mixtures. It contributes to the
increased reactivity, improved homogeneity and decreased diffusion paths in various
perovksite powders [86]. Recently, it has been wused for the preparation of
(K,Na,L1)(Ta,Nb)Os ceramics with very good properties. It was shown that the method is
efficient in distributing the low-reactive Ta,Os in the mixture [87,88].

ITa%" and Nb* with the coordination number VI have the same ionic radius (0.61 A), however, the Nb—O bond is less covalent.
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The main characteristics of the literature reports on K(Ta,Nb)O; ceramics are collected
in Table 1.7 The most striking feature is the large discrepancy in the dielectric properties
of the KTN ceramics within the same composition reported by different authors. For
instance, the kHz-range room-temperature permittivity ¢’ and dielectric losses tano of the
KTag¢Nbg 403 ceramics vary from 1300 to 6790 and from 0.02 to 0.06, respectively. The
temperature of the permittivity maximum 7,,,, varies in the range from 358 K to 245 K.
Note that the Curie point of this composition expected from the single crystals is ~300 K
(Figure 1.6), and that the KTaysNbo4O; ceramics with the highest room-temperature
permittivity value of 6790 and the 7, very close to the single-crystals value of 300 K
were prepared from powders obtained through the sol-gel method [89].

A significant frequency dependence of the dielectric properties was often observed and
a broad relaxor-like permittivity maximum was reported [90,91]. Venkatesh et al. [90]
measured the dielectric properties of the KTag ¢Nby 403 ceramics up to the MW frequency
range. The hot pressed ceramics showed high MW losses, reaching 0.17 at 2.5 GHz. The
described features were ascribed to the heterogeneous Ta/Nb [90,91], charged defects
arising from the K-deficiency [90], or to the presence of the secondary phase at the grain
boundaries [92].

Table 1.7: Overview of the literature reports on KTa,Nb,O; ceramics. 7., — calcination
temperature; T;,, — sintering temperature; SM — sintering method: CS — conventional sintering,
HP — hot pressing, UHP — uniaxial hot pressing; p,.; — relative density; 7., — temperature of the
permittivity & maximum; f — measurement frequency; Room-temperature permittivity &’ and
dielectric losses tano values are given.

Teat Tine Grain Size Prel s Tnax

X I°Cy /°Cy SM (um] /%] £ tand IK] f Ref.
0.6 950 1105 CS 0.7-4 96 | ~1300 ~0.04 358 1kHz | [93]

1985 0.02 245 1 MHz
0.6 800 1200 CS ~1 92.5 1100 0.09 / 4.8 GHyz 90,

2880 0.048 258 1 MHz

0.6 800 1100 UHP ~1 93.4 2905 0.17 / 25 GHz
0.6 850 1150 CS' ~ um ~90 | ~2800 ~0.06 ~290 1kHz | [94]
0.6 700 1200  HP® ~3 um 97.8 | 6790 - 307 1 kHz | [89]
0.65 830 1230  HP ~1 99.5 | ~3000 - 228 1.6kHz | [95]
0.65 850 1300 CS 3-5 92 | ~1700 ~0.01 242 1kHz | [91]
0.7 950 1120 CS 0.5-2 91.5 | ~1700 ~0.04 310 1 kHz | [92]
0.8 850 1300 CS 3-5 89 ~500 >0.01 121 1kHz | [91]

"1 wt. % of LiF was used as a sintering additive.
8 mol % of potassium excess was used.
SPowders were prepared by the alkoxide-based sol-gel route.

1.2.3 Processing of Thin Films

Thin-film deposition methods can be divided into physical and chemical methods. The
first group comprises pulsed-laser deposition, evaporation, which includes also molecular
beam epitaxy and sputtering. The chemical deposition methods can be further divided into
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chemical vapor deposition, in which the film arises from the adjacent gas phase, and
chemical solution deposition, in which the film arises from the adjacent liquid phase.

1.2.3.1 Chemical Solution Deposition

CSD has been employed for the deposition of electronic oxide thin films since the 1980s.
Its advantages are:
= preparation of the films with high chemical homogeneity at low heating
temperatures,

= good control of the film stoichiometry through the solution composition,

* Jow capital investment (especially when compared to the physical deposition
methods),
= large area coverage.
On the other hand, CSD is not very convenient for the preparation of epitaxial films, the
step coverage of the 3D structures is rather poor and thickness of the final films is limited
in the range from a few tens of nm up to a few pum [96].

The method is schematically presented in Figure 1.11. It begins with the dissolution of
the starting compounds, such as metal alkoxides, carboxylates, oxides, or nitrates in the
solvent, which are most often simple or complex alcohols. To promote the reactions the
sols are often refluxed and distilled afterwards to remove the by-products. The exact sol
preparation route depends on the type of starting compounds. The main characteristics of
the alkoxide-based synthesis, usually in the literature referred to as the sol-gel route, will
be presented in the following chapter.

The sol can be deposited on the substrate either by spin-, dip-, or spray-coating. The
formation of the gel film already during the deposition is driven by the solvent
evaporation and consequent physical and chemical interactions between the precursor
species. The film is then dried and pyrolyzed (~150°C to ~450°C), usually on a hot plate,
during which chemical reactions proceed, until all the remaining solvent and the majority
of the organic species are removed. In some cases densification also takes place.

In the final step the film is heated to high temperatures (up to ~1000°C). The heating
can be performed in conventional tube furnaces, though, in the recent years rapid thermal
annealing (RTA) furnaces, which enable controlled heating rates of more than 100 K/s,
are frequently used. The main processes during this step are densification and
crystallization. To increase the thickness of the final films the deposition-heating steps
can be repeated several times.

Chemical solution deposition is a highly versatile film-deposition method. The above
description is generalized, and each of the stages during the preparation can be modified
or even skipped. In addition, some of the described processes may overlap, depending on
the specific route employed [97,98].
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Figure 1.11: Schematic presentation of the chemical solution deposition process.

1.2.3.1.1 Alkoxide-Based Chemical Solution Deposition

The general formula of the metal alkoxides is M(OR),, where M is the metal atom, -OR is
the alkoxide group and # is the oxidation state of the metal. The alkoxide derivatives are
known for almost all the elements of the Periodic Table and are frequently used as the
metal sources in the solution deposition of electronic thin films.

Highly electronegative OR groups stabilize the metals in their highest oxidation state
and this makes them highly susceptible toward any nucleophilic reagent. The reactivity is
especially high in the case of the transition metals (TMs) due to:

= their low electronegativity,
= their ability to expand the coordination.

The TM can increase its coordination number by accepting the lone electron pairs from
the nucleophilic ligands. As a consequence, the TM alkoxides have a tendency to form
oligomers. The number of molecules in the oligomer (molecular complexity) depends on
the metal atom, the nature of the alkoxy groups and the type of the solvent. The dimeric
structure of the Ta- and Nb-methoxides and ethoxides in their parent alcohols is shown in
Figure 1.12. A dimeric mixed alkoxide was observed when the Ta- and Nb-methoxides
were dissolved together in octane, toluene, or acetonitrile [99].

@ OR
® T2, \b

Figure 1.12: Scheme of the dimeric structure of the [M(OR)s], (M - Ta, Nb; R - CH;, CH,—CH3).
Adopted from Bradley et al. [100].
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Several reactionsi are characteristic for the alkoxide-based CSD. Hydrolysis takes
place if water is present in the system:

M(OR), + xHOH — M(OR),_,(OH) + xROH, (1.16)

and is followed by a condensation through the elimination of the water (oxolation) or
alcohol (alcoxolation):

x-1(RO)M-0H + HO — M'(OR) _,
- ».1(ROOM — 0 — M'(OR),_1 + H,0 (1.17)

+-1(ROYM — OR + HO — M'(OR),_,
— +-1(ROOM — 0 — M'(OR),_; + ROH. (1.18)

When the full coordination of the metal alkoxide is not satisfied the condensation can
proceed also through olation. While the oxolation and alcoxolation result in the two
metals connected by the bridging oxo (—O-) group, the result of olation are metals
connected by the bridging hydroxo (—OH) group [101].

The rates of the hydrolysis and condensation reactions depend on several factors:

= length and branching of the alkyl groups,

= molecular complexity of the alkoxides,

= acid or base catalyst possibly used,

= concentration, temperature,

= solvent.
The solvent plays a very important role. If the proticii solvents are used the solvent
molecule can donate the lone electron pair to the metal to expand its coordination number.
In addition, the alkoxide groups can be exchanged with the groups from the solvent
through the transalcoholysis reaction:

M(OR), + xR'"OH — M(OR),_,(OR"), + xROH, (1.19)

resulting in a decreased reactivity of the heteroleptic alkoxide. Due to Le Chatelier’s
principle, significant exchange of the alcohol groups can be expected already after
dissolution at room temperature.

A very popular solvent in the CSD processing is 2-methoxyethanol,
CH3;0CH,CH,0H, a representative of the glycol ethers. It can interact with the metal
atom through both types of the above-described reactions by forming a chelate cycle,
showed in Figure 1.13. The formed alkoxide is much less reactive towards the hydrolysis.

1All the reactions are shown for the monomeric species only.
1AL solvents that contain dissociable hydrogen atom, usually bounded to oxygen or nitrogen atom.
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Figure 1.13: Structure of the chelate cycle formed by 2-methoxyethanol. M — metal. From Turova
etal. [102].

Despite the many possibilities for the modification of TM alkoxides, the hydrolysis
and condensation reactions are often still difficult to control when the water is
intentionally added to the system. In such cases, the non-hydrolytic routes are employed.
During the reflux or prolonged storage the condensation can proceed via ether elimination
reaction:

+-1(RO)M — OR + RO — M'(OR),_,
- ._4(RO)M — 0 — M'(OR),_; + ROR. (1.20)

During the synthesis of the sol the formation of the oxygen bridges M—O—M’ between
different metal atoms is desired. This has two advantages: first, the precursor is
homogenous on the atomic level; second, if the precursor structure is similar to the final
oxide, the crystallization temperature can be strongly reduced. However, in reality the
competition between the homocondensation, resulting in M—-O-M bridges, and
heterocondensation, resulting in M—O-M" bridges, defines the structure of the precursor
[100-102].

1.2.3.2 KTaOj; and K(Ta,Nb)O;

To the best of our knowledge the first two groups who initiated the processing of KTN
powders and thin films through chemical solution deposition were the groups of Hirano
[103-105] and Kahn [106,107]. Both were using the transition-metal ethoxides and
potassium ethoxide or acetate, while ethanol was used as a solvent. Crystallization of the
perovskite powders with Ta-rich compositions proceeds through the intermediate
pyrochlore phase:

~450°C — 650°C ~700°C
Amorphous —— Pyrochlore —— Perovskite. (1.21)

The transformation temperatures are only approximate and depend strongly on the
composition, as well as on the potassium precursor. In the KTaO; powders this
temperature can be as high as 850°C, while in the case of the powders with Nb-rich
compositions, the perovskite phase can appear already below 650°C [103]. The pyrolysis
and crystallization processes seem to be well separated for the acetate potassium
precursor, while the traces of the crystalline phases were observed in the air-gelled
samples already at room-temperature, when the potassium ethoxide precursor was used.
In any case, single-phase KTN powders are difficult to prepare because of the non-
stoichiometry arising from the sublimation of potassium species upon high-temperature
heating [106].

Both groups were preparing the sols by refluxing the starting compounds in the solvent



40 Introduction

for at least 24 h. This is most probably related to the results on LiNbO; system, prepared
from the ethoxide precursors in ethanol, in which the phase-pure ilmenite powders and
films were prepared at low temperatures (below 400°C) from the sols being refluxed for
at least 22 h [108,109]. As was shown by Eichorst and Payne [110], the bimetallic
alkoxide LiNb(OEt)e is formed during the reflux, which serves as the “molecular building
block™ for the crystallization. On the basis of the 'H, *C and, **Nb NMR analyses, the
alkoxide-based KTN sols after prolonged refluxing were considered to consist of the
KNb(OEt)s and KTa(OEt)s species, uniformly distributed on the molecular level [104].

The majority of the CSD-derived thin-film activities have been focused on the
KTag6sNbg 4503 composition. Hirano and Kahn reported that the pyrochlore phase is
usually the major phase in the films prepared at low heating temperatures, and at least
750°C is needed to prepare phase-pure perovskite films. Hirano et al. [103] successfully
decreased the temperature to 675°C by pyrolyzing the films in a H,O—O, atmosphere,
which enhances the crystallization of the perovskite phase through the promoted organics
removal.

An important factor influencing the crystallization is also the heating rate. If slow rates
are used the pyrochlore phase is formed at lower temperatures, which slowly transforms
to the perovskite at higher temperatures. However, pyrochlore formation could be
kinetically “over jumped” by using RTA processing and the perovskite can crystallize
directly from the amorphous phase. [107]

By far the most important parameter for the crystallization of KTN films was found to
be the substrate. When the substrates with little crystallographic relationship, such as
glass, (100) Si and (0001) sapphire (c-cut), were used, the pyrochlore phase was the major
phase in the films after the heating. When substrates with a crystal structure and lattice
parameters similar to KTN were used, such as (100) and (110) SrTiOs, (100) MgO and
(100) Pt / (100) MgO, phase-pure (100) oriented perovskite films were obtained after
heating at 750°C [103,104,106,107].

The above-described findings were confirmed later also by other groups [111-114] and
the main results are summarized in Table 1.8. BurSik and co-workers [115,116]
successfully prepared the perovskite KTN thin films in the whole range of compositions
on glass and (100) Si substrates. They used the metal isobutoxides as the starting
compounds and isobutanol as the solvent. To reduce the losses of the potassium species

through the reaction with the substrate, Al,O3; was used as the buffer layer, while KNbO;
was used as the seeding layer for the crystallization of the perovskite KTN phase.

Not many reports on the CSD processing of KTaOs exist. Perovskite films were
prepared on c-sapphire, (100) MgO, (100) SrTiO; and (100) LaAlO; substrates, while
only the pyrochlore phase was observed in the case of the polycrystalline alumina. To
obtain perovskite films on (100) Si and glass substrates, the Al,O3 buffer and KNbO;
seeding layers were employed. It is important to note that the addition of a potassium
excess in the sols is inevitable for the phase-purity of KTaOs films [115,117].
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Table 1.8: Overview of the important literature reports on the CSD-processing of the KTa,Nb;_,O;
thin films. 7, — crystallization temperature; P — perovskite phase; Py — pyrochlore phase.

T. Ph
Substrate X o e as.e . Route Remarks Ref.
[°C] Composition
0.65 750 Py + P Ethoxide - [113,114]
Glass N . K-excess,
0-1 800 (100) P Isobutoxide RTA [115,116]
0.65 750 Py + P Ethoxide - [111]
100) Si K-
(100) 8i 0-1 800  (100)P"  TIsobutoxide oo™ 115,116]
RTA
(111) Si %‘68%’ 750 Py Ethoxide - [106,113]
Pt/ (111)Si 0.65 750 Py Ethoxide - [114]
(0110) SiO, 0.65 675 Py Ethoxide H,O pyr.$ [103]
0.65 .
c-sapphire 0.8 0’ 750 P+ Py Ethoxide - [106]
r-sapphire 0.65 750  (100) P+ Py  Ethoxide - [111,114]
Pt 0.65, 750 P Ethoxide RTA [118]
0.80
. + thoxide -
100) YSZ 0.65 750 P+ Py Ethoxid 114
(100) LaAlO;  0.65 750  (100)P+Py  Ethoxide - [114]
0.65, 675 . H,0 pyr.® [103]
100) MgO 100) P Ethoxid
(100) Mg 0.80 750 (100) oxide _ [106,107,113]
0.35
100) Pt/ (100 ’ :
( )M o( ) .50, 700 (100) P Ethoxide  H,O pyr.* [104,105]
8 0.65
0.65 650 [111]
0.65 Ethoxide
i ’ - 106,113,114
(100) StTiO; 0.80 750 (100) P [106,113,114]
0.65 Ethoxide [112]
0.65
(110) StTiO; 0.20 750 (110) P Ethoxide [106,114]
- 25 mol?
Corundum 1 750 Py Pechini’ mol% [117]
K-excess
. + . K excess,
C-sapphire 1 800 P Isobutoxide RTA [116]
K
(100) MgO | 800  (100)P"  Isobutoxide oo™ [116]
RTA
25 mol%
. . .§
(100) SrTiO; 1 750 (100) P Pechini K oexcess [117]
25 mol%
# -8
(100) LaAlO; 1 750 (100) P Pechini Kooxcoss [117]

*Acetate was used as the potassium source.
“KNbO; and Al,O; were used as a seeding and buffer layers, respectively.

$Pyrolysis was performed in the presence of the H,O vapors.

#*Pseudo-cubic structure is assumed.

SPotassium carbonate and TM ethoxides were used as the metal sources.
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The dielectric properties of CSD-derived KTaxNb; O films have not often been
reported. The permittivity & of 1-um-thick (100) oriented films deposited on (100) Pt /
(100) MgO substrates was measured in the 1 kHz to 1 MHz frequency range. A broad
permittivity maximum was observed, with 1 kHz T, values of 373 K, 273 K and 213 K
for the films with x (at. concentration of Ta) equal to 0.35, 0.5 and 0.65, respectively,
which is lower than the Curie point expected from the single crystals (Figure 1.6). Only
slim and unsaturated P-E hysteresis loops were obtained at 93 K [105].

Zelezny et al. [119,120] performed a far-infrared characterization of 1.2 pm KTaO;
films on (100) Si substrates. Three bands, corresponding to the TOI, TO2 and TO4
modes (see Appendix), were observed in the transmission spectra, and their room-
temperature positions were in agreement with the single-crystal data. The phonon
contribution to the permittivity &” at 5 K was evaluated to be 611, much lower than the
single-crystal value of ~4500 [121,122]. The KTN films of various compositions showed
infrared behavior similar to the bulk counterparts; however, no quantitative analysis was
reported. To the best of our knowledge no dielectric data measured in a broad frequency
range that would correlate the intrinsic (of the lattice origin) properties of these films to
low-frequency dielectric data has been previously reported.

1.2.3.3 K(Ta,Nb)O; Thin Films Prepared by Other Methods

K(Ta,Nb)Os thin films of various compositions were also prepared using other deposition
methods, such as magnetron sputtering [123], liquid-phase epitaxy (LPE)[124], metal
organic chemical vapor deposition (MOCVD) [125,126] and PLD [127-132]. The
common processing challenge for all the techniques is control of the stoichiometry due to
losses of potassium species during processing.

Guilloux-Viry et al. [133,134] studied the influence of the substrate on the GHz-range
dielectric properties of the ~500-nm-thick PLD-grown KTag¢Nby4O3 thin films. Among
the chosen substrates, i.e., (100) MgO, (100) LaAlOs, alumina, c-sapphire and r-sapphire,
the highest value of the relative capacitance tunability #n, of 7.2 % at 15 kV/cm and 1 GHz
was reported for the (100) oriented film on the latter substrate. In contrast to the ceramics,
the room-temperature permittivity &” was constant in the 640 GHz range, with values of
1180 and 280 for the films on (100) LaAlO; and (100) MgO, respectively. The Raman
investigation of the 30-nm-thick epitaxial KTagsNbg 3503 and KTag 50Nbg 5003 thin films
on these substrates revealed that the cubic-to-tetragonal phase transition is 50 K higher
than expected from the single-crystal data (Figure 1.6). The shift was attributed to the
influence of thermal strain [135].
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2 Aims and Hypothesis

Incipient ferroelectrics exhibit a richness of different phenomena, important from the
fundamental as well as from the technological point of view. As an archetypal
representative, KTaO; is well known in its single-crystal form, but knowledge about the
properties of the ceramics and thin films is still at a very basic level.

In the first part of the thesis we prepared KTaO; ceramics by solid-state synthesis from
K,COj; and Ta,0Os starting compounds. The principal aims of this part of the thesis were:

= To activate the starting-powders mixtures by implementing high-energy milling.

* To prepare perovskite KTaO; powders and to evaluate their structural and
chemical homogeneity.

» To prepare highly dense and single-phase perovskite KTaO; ceramics.

* To measure the dielectric properties of the ceramics and establish correlations
with the processing parameters.

= To evaluate the properties in a broader frequency range and analyze the lattice
dynamics, as well as the extent of the intrinsic and extrinsic contributions to the
dielectric response.

In the next step we investigated the synthesis and dielectric properties of CSD-derived
KTaOs thin films on polycrystalline alumina and (0001) sapphire substrates. The
foremost goals of this part of the thesis were:

= To prepare phase-pure perovskite KTaOs thin films on substrates that exhibit no
structural matching, without use of seeding layers, which could influence their
dielectric response.

» To evaluate the broadband dielectric properties and lattice dynamics of the
polycrystalline KTaOjs thin films.

The above-stressed points of the thesis gave us a unique opportunity to directly
compare the dielectric properties of KTaOs in the single crystal (large amount of literature
data), ceramic and polycrystalline thin-film forms. Our hypothesis was that the defects,
grain-boundaries and strain have a profound influence on the dielectric properties and
their contribution should be evaluated by a comparison of the broadband dielectric
measurements. The possibility of induced ferroelectricity in CSD-derived KTaO3 (and
incipient ferroelectrics in general) thin films was considered.

In the third part of the thesis we have focused on KTaj¢Nbg4Os thin films on alumina
substrates. Even though the K(Ta,Nb)Os; solid solution has been quoted as having
potential in microwave applications, a very limited amount of data on microwave
properties can be found in the literature, especially on the solution-derived thin films. In
addition, several issues, which seem to be processing related, exist. The main points of
this part of the thesis were:
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= To follow the structural evolution of the sols based on potassium acetate and
transition-metal ethoxides upon refluxing in 2-methoxyethanol by extended X-ray-
absorption fine-structure spectroscopy.

» The films were prepared from sols refluxed for different times. The aim was to
study the influence of the structure of the sol on the crystallization behavior and to
prepare single-phase KTag ¢Nbg 403 thin films.

* To measure the dielectric properties, including tunability, of the films in the radio-
and microwave-frequency ranges and correlate them with the reflux time.

= To analyze the unexpected dielectric properties of single-phase films, prepared
from 24 h-refluxed sols.

Our main hypothesis for this part was that the phase composition, microstructure and
dielectric properties of the KTaysNby4O; thin films are controllable through the sol’s
synthesis parameters.
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3 Materials and Methods

3.1 Preparation of the Samples

3.1.1 KTaO; Ceramics

KTaOs; ceramics were prepared by solid-state synthesis implemented by the
mechanochemical activation of K,CO3 and Ta,Os. The general scheme of the processing

route is shown in Figure 3.1.
| Ta205 I

Milling

Weighing

Homogenization

High-energy milling

1st calcination 2™ calcination

Milling Milling

Sintering in air

Sintering in air

Sintering in O,

Sintering in O,

Hot-pressing Hot-pressing

Figure 3.1: Schematic presentation of the KTaO; ceramics’ processing.

The starting K,CO; was milled for 5 h in an acetone medium using a 200-ml
polyethylene vial and yttria-stabilized zirconia (YSZ) milling balls with diameters of 3
mm and 10 mm. After the milling its median particle size ds) was approximately 5 pm.
The TaOs had dsp 0.5 um and was used as-received. The exact quantities of the metal
components inside the powders were determined gravimetrically. Prior to weighing the
K,CO;3 powder was dried at 200°C to a constant mass. The characteristics of the
chemicals used during the processing are collected in Table 3.1.
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Table 3.1: Chemicals used during the synthesis of the KTaO; ceramics.

Chemical Formula Name Purity [%]  Supplier

K,CO; Potassium carbonate, 99+ Aldrich
A.C.S. reagent
Tantalum (V) oxide
(metals basis)

(CH;),CO Acetone, p. A. 99.5 AppliChem

Ta,0s5 99 Alfa Aesar

3.1.1.1 High-Energy Milling

The high-energy milling was performed with a vidia (WC-Co, p = 15.1 g/em’) vial and
milling balls. After weighing the starting compounds in a glove box with a dry
atmosphere in a stoichiometric ratio (50 g batch), homogenization of the mixture was
performed in acetone at 200 min™ for 4 h using a planetary mill (Fritsch Pulverisette 4
Vario-Mill). Before the high-energy milling, the slurry was dried at 60°C. The high-
energy milling was performed for 10 h, with intermediate sampling of ~1 g of the powder
after 5 h. The milling parameters were selected on the basis of Ref. [88] and are given in
Table 3.2.

Table 3.2: High-energy milling parameters.

Milling balls Milling vial Operation
Disk rotational Vial rotational ~ Ball i t
Diameter Number | Diameter Height 1Sk rotationa [ rotationa e 1mp?c
frequency frequency energy’
15 mm 16 75cm  5.7cm 350 min’' -700 min"' 500 mJ/hit

*Negative sign denotes opposite rotational movement of the disk and the vial. The distance between the rotational axes
was 12.5 cm.

SCalculated according to the Ref. [136].

3.1.1.2 Calcination and Sintering

The mechanochemically activated mixtures were pressed into pellets and heated once or
twice at 800°C for 4 h in a chamber furnace. After each calcination step the powder was
milled in the planetary mill at 175 min™' for 4 h in acetone using a polyethylene vial and
YSZ milling balls with diameters of 3 mm and 10 mm. The powder compacts were first
pressed uniaxially at 100 MPa and then isostatically at 200 MPa. The pellets were placed
on a Pt foil and sintered in a closed corundum crucible at 1325°C for 2 h in a tube furnace
in air or in an O, atmosphere. For the pressure-assisted sintering the powder compacts
were packed in coarse MgO powder in an alumina die and hot pressed at 1250°C and 25
MPa for 2 h. The heating and the cooling rates for the calcination and sintering were 5
K/min.

3.1.2 KTaO3 and KT30_6Nb0.403 Thin Films

Potassium acetate and transition-metal ethoxides were used as the metal sources and 2-
methoxyethanol was used as a solvent. The compounds were transported as-received into
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the glove-box with a dry atmosphere, where they were stored and manipulated.
Characteristics of all the chemicals used during the processing are in Table 3.3.

Table 3.3: Chemicals used during the processing of thin films.

Chemical Formula Name Purity [%] Supplier
KOOCCH; Potassium acetate, A.C.S. reagent 99+ Sigma-Aldrich
Ta(OCH,CHj;);s Tantalum ethoxide, HP 99.99 H. C. Starck
Nb(OCH,CH3)s Niobium ethoxide, HP 99.99 H. C. Starck
CH;0CH,CH,OH 2-methoxyethanol, ACS 99.3+ Sigma-Aldrich
(CH;),CO Acetone, p. A. 99.5 AppliChem
(CH3),CHO Isopropanol 99.8 Sigma-Aldrich

3.1.2.1 Synthesis of the Sols

The general scheme of the KTaO; and the KTaysNb4O3 sols synthesis is shown in
Figure 3.2. The process began with dissolution of 15 mmol of potassium acetate and the
corresponding stoichiometric amounts of transition-metal ethoxides in 40 ml of 2-
methoxyethanol. A flask with reagents was connected to a modified Schlenk apparatus
[137,138] and purged with dry nitrogen for 15 min under constant stirring with the
magnetic stirrer. During purging all the potassium acetate dissolved. The sols were heated
to temperatures between 105°C and 115°C and were refluxed for 1 h, 4 h, 24 h or 48 h.
After the reflux, the temperature was raised to ~124°C and ~15 ml were distilled off to
remove the by-products. The sols were cooled to room temperature and their
concentration was adjusted to 0.5 M with 2-methoxyethanol. The sols were stored in a
refrigerator and remained clear for months.

Potassium acetate was dissolved in 2-methoxyethanol and different excess amounts
were added to the sols. Their concentration used for the deposition of the films was
0.4 M.

x=1,06 1-x
| KoOCCH, | (Ta(OCH,CH;);| (Nb(OCH,CH),

h 4

| CH,;0CH,CH,OH |

Mixing,
Reflux,

Distillation

[ 0.5Msol }+—{ KOOCCH, |

y=0,0.1,0.2 0.3

Figure 3.2: Schematic presentation of the synthesis of the KTaO; and KTa; ¢Nbj 403 sols.
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3.1.2.2 Substrates

Two types of substrates were used. Optically polished polycrystalline alumina with a
relative density above 97 % and a grain size below 1 um was obtained from the CoorsTek
supplier [139], while the optically polished, (0001)-oriented, single-crystal, sapphire
substrates were supplied by TBL Kelpin.

Prior to the deposition the substrates were ultrasonically cleaned in acetone,
isopropanol and deionized water and were dried by blowing N».

3.1.2.3 Preparation of the Films

The 0.4-M sols were passed through 0.2 um filters and spin coated on the substrates for
30 s at 3000 rpm using the Headway Research 1-EC101D-R485 photoresist spinner. The
as-deposited films were heated at 180°C or 350°C for 2 min on a hot plate to remove the
solvent and partially also the organics. Final heating was performed in an LPT Industries
Europe TM 100-BT RTA furnace with a heating rate of 15 K/s and a cooling time ~10
min in a constant flow of N, and O, in a 4 : 1 ratio. To increase the thickness of the films
the deposition step was repeated either after heating on a hot plate or after heating in the
RTA furnace, as shown in Figure 3.3.

kg Spin-coating

Drying / pyrolysis
(hot plate)

: Heating
(RTA furnace)

Figure 3.3: Schematic presentation of the KTaO; and KTag¢Nby 403 thin films’ preparation route.

3.2 Characterization Methods

3.2.1 Thermal Analysis

The thermogravimetry (TG), derivative thermogravimetry (DTG) and differential thermal
analysis (DTA) were simultaneously performed with an instrument for thermal analysis
(Netzsch STA 409). Evolved gases were concurrently monitored with a mass
spectrometer Balzers Thermostar GSD 300 T. The samples were analyzed in Pt crucibles
in the temperature range from 25°C to 755°C with a heating rate of 10°C/min and a
flowing air atmosphere. The mass of the powder samples was ~25 mg.

The sols were dried, prior the analysis, at 60°C for at least 12 h.
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3.2.2 Mid-Infrared Spectroscopy

Infrared spectra were recorded using a Perkin Elmer Fourier-transform infrared (FT-IR)
spectrometer in the 4000 cm™ to 600 cm™ range with a resolution of 2 cm™ and 3
superposed scans. The powder samples were recorded in an attenuated total reflectance
mode (ATR) with a Specac Golden Gate Diamond ATR as a sample support. The sols
were recorded in a transmission mode using a cell with the path length of 25 um.

3.2.3 Extended X-Ray-Absorption Fine-Structure Spectroscopy

The absorption spectra of the sols were measured at the C station of HASYLAB in
transmission detection mode, using a (111) Si double-crystal monochromator with ~1.5
eV resolution at the Ta Ls-edge (9881 eV) and 2 eV resolution at the Nb K-edge (18986
eV). Higher-order harmonics were efficiently eliminated by detuning the monochromator
crystals to 60 % of the rocking-curve maximum using a stabilization feedback control.
The intensity of the X-ray beam was measured by three consecutive 10-cm-long
ionization detectors, filled with 140 mbar of Ar, 530 mbar of Kr and 930 mbar of Kr,
respectively, for Ta Li-edge EXAFS, while for Nb K-edge EXAFs the cells were filled
with 940 mbar of Ar, 420 mbar of Kr and 930 mbar of Kr, respectively. The samples were
placed between the first two detectors. The exact energy calibration was obtained by a
simultaneous absorption measurement on Ta or Nb foil, inserted between the second and
the third ionization detectors.

The sols were sealed in thin, vacuum-tight plastic bags in a dry atmosphere to avoid a
possible reaction with the atmospheric humidity. The thickness of the liquid bags was
adjusted for an absorption thickness (ud) of about 2 above the investigated absorption
edge. The absorption spectra were measured within the interval from -250 eV to 1100 eV,
relative to the absorption edge. In the X-ray absorption near edge structure region the
equidistant energy steps of 0.5 eV were used, while for the EXAFS region the equidistant
k-steps (4k =~ 0.03 A™") were used with an integration time of 1 s/step. To improve the
signal-to-noise ratio and to check the stability, as well as the reproducibility of the
detection system, the data of two identical runs were superposed.

3.2.4 Laser Granulometry

The particle size distribution of the powders was determined by the static light scattering
technique using a Microtrack S3500 Series Particle Size Analyzer. Prior to the analysis
the powders were dispersed in isopropanol using an ultrasonic bath. All the results were
derived from the area particle size distribution.

3.2.5 Inductively Coupled Plasma Spectroscopy

Quantitative elemental analyses of the powders were performed with inductively coupled
plasma mass spectroscopy (ICP-MS) using a quadropole-based 7500 CE spectrometer.
The measurements were made without a reference. Instead, an additional technique was
used to verify the results, i.e., inductively coupled plasma atomic emission spectroscopy
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(ICP-AES) using a Thermo Jarrel Ash Atomscan 25 spectrometer.

The ceramic samples were prepared by crushing the pellets in an agate mortar. The
sols were dried at 60°C for 3 h and heated in a tube furnace at 900°C for 15 min with
heating and cooling rates of 5 K/min.

3.2.6 X-Ray Diffraction

The phase composition of the samples was analyzed at room temperature using a
PANalytical X Pert PRO diffractometer, employing Cu K, radiation (1=1.540598 A).
The diffractograms were recorded in 0-20 geometry in the range from 5° to 60° and from
10° to 70° for thin films and powders, respectively, with the step 0.017° and a count time
of 100 s. The phases were identified with the program X’Pert HighScore [140] using the
PDF-2 database [141].

3.2.7 Density Measurements

The densities p of the sintered ceramic pellets were determined either geometrically or
with Archimedes’ method by immersing the pellet into water:

_ Mary * Pwater

= : 1

Mary — Myet (3 )
where my,, and m,,, are the masses of the pellet measured in air and in water, respectively,
while pyqer 1s the density of water at the measured temperature. Relative density p..; = p/
Dreor Was calculated using 7.012 g/cm’ as the theoretical density of KTaOj3 [142].

3.2.8 Scanning Electron Microscopy

The microstructures of the samples were investigated with the field-emission scanning
electron microscopes (FE-SEM) Carl Zeiss Supra 35 VP and Jeol JISM-7600F.

The powders were dispersed in acetone or isopropanol using an ultrasonic bath. A few
drops were spread on the highly oriented pyrolytic graphite. The ceramic samples were
mounted in epoxy, ground and polished using standard metallographic techniques. For the
plane-view analysis of thin films, the samples were mounted with graphite paste on top of
the brass holders, while for the cross-sectional analysis the fracture surfaces were
positioned in parallel with the surface of the holder. Approximately 3-5 nm of lacey
carbon was deposited on the top of the prepared ceramic and thin-film samples using
Gatan Precision Etching Coating System (PECS) Model 682A.

3.2.9 Transmission Electron Microscopy

Transmission electron microscope (TEM) analyses of the powder, ceramic and thin-film
samples were performed with a Jeol JEM-2010F TEM instrument equipped with a field-
emission electron source, Oxford Instruments Link ISIS 300 energy-dispersive X-ray
spectrometer (EDXS) and Gatan DigiPEELS 766 electron-energy-loss spectrometer
(EELS). A liquid-N; contamination trap was used to reduce the specimen contamination
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during the analysis. The thin-film sample was analyzed in the scanning TEM (STEM)
mode.

Powder samples were crushed in an agate mortar, transferred onto the TEM Ni-grid
and coated with lacey carbon using Gatan PECS Model 682. Ceramic samples were
ultrasonically cut to a disk shape and mounted in brass rings with epoxy, followed by
conventional grinding, polishing and dimpling. Final Ar" milling was performed in Bal-
Tec RES 010 ion mill until perforation, using liquid N, for cooling. To perform the cross-
sectional analysis the thin-film samples were cut with a diamond saw, glued face-to-face
and mounted in the brass rings with epoxy. Further preparation was the same as for the
ceramic samples. KTaOj; single crystals, obtained from the F.EE GmbH supplier, were
used as the standards for the quantification of the EDXS and EELS results. The crystals
were prepared either by crushing or by an ion-milling procedure.

EDX spectra were obtained from the electron-transparent areas with thicknesses in the
range from 50 nm to 180 nm. Channeling effects were avoided by the off-zone axis
orientation of the investigated grain. For each EDX measurement point the EEL low-loss
spectrum was simultaneously acquired to obtain the specimen thickness d in terms of the
mean relative thickness, defined as the ratio between the sample thickness and the
inelastic mean free path (IMFP) [143]. The IMFP value of KTaOs; under given
experimental conditions was 100 nm [143]. The EDX spectra were quantified using the
experimental Cliff-Lorimer factor, obtained from the KTaO; single crystal by an
absorption-corrected, zero-thickness, extrapolation procedure [144].

For the EEL spectra acquisition, the microscope was operated at 200 keV in diffraction
mode, the convergence and collection angles were 10 mrad and 7 mrad, respectively. K
L,3- and O K-edges were recorded simultaneously with 0.5 eV dispersion and 1.5 eV
(full width at half maximum) energy resolution and were corrected for dark current and
gain variations. For the quantification, the background was subtracted from all the spectra
using a power-law approximation and the contribution from multiple scattering was
removed with the Fourier ratio technique. The spectra revealing C K-edge from C-
contamination were excluded from the quantitative analysis. To avoid electron-beam-
induced degradation the electron doses were measured on the electrically isolated
observation screen inside the microscope viewing chamber. The electron dose used for
the quantitative analysis was ~1 A/cm” or lower. This value does not influence the
specimen composition during the chosen acquisition time (up to 5 min), i.e., the K/Ta
remains within 28 error determined on a single-crystal specimen [145].

3.2.10 Broadband Dielectric Spectroscopy

3.2.10.1 Radio-Frequency Measurements

The complex dielectric permittivity £(w) = &'(w) — i’ (w) of the ceramic samples was
measured in the frequency range from 1 Hz to 1 MHz using a Novocontrol Technologies
Alpha High-resolution Dielectric Analyzer, with the amplitude of the AC probing field
being 1 V/mm. The dielectric response was measured in the 300 K to 5 K temperature
interval with the cooling rate of 1 K/min. The temperature was stabilized to within £0.1 K
using an Oxford Instruments continuous flow cryostat. The disk-shaped ceramic samples
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were polished to an approximate thickness of 0.3 mm and Cr/Au electrodes were
deposited at room temperature by a SPascal magnetron sputtering device on both sides.

Thin-film samples were measured in the same temperature interval in the frequency
range from 3 kHz to 1 MHz using an HP4284A LCR meter or Agilent Technologies
E4980A Precision LCR meter. The planar capacitor structures shown in Figure 3.4 were
patterned by lift-off photolithography. The 150-nm-thick Cr/Au (30 nm / 120 nm)
electrodes were deposited at room temperature by magnetron sputtering. The gap between
the electrodes s was 2-3 pm.

electrodes
film
substrate
O o s .

e e

Figure 3.4: Schematic presentation of the planar thin film capacitor. 4, and A, — thickness of the

film and the substrate, respectively; s — gap between the electrodes (2-3 pum); / — length of the
electrodes (1.5 mm); w — width of the electrodes (750 um).

To evaluate the dielectric properties of the films the so-called Vendik’s model of
partial capacitances was employed [146]. The distribution of the electric field £ in the
planar capacitor shown above is non-uniform and is approximated with:

E=— (3.2)
s
where U and s are the applied voltage and the gap between the electrodes, respectively.
To transform this geometry into a classical parallel-plate capacitor a mathematical
treatment using the conformal mapping based on the Christoffel-Schwarz transformation
is performed. The measured capacitance Cy, is separated into discrete contributions of the
surrounding medium C,,, thin film Crand of the substrate C; connected in parallel:

Crot = C + Cp + G, (3.3)
and can be calculated as:

2 l
Cm = Wy Eln (4 E) (3.4)

o o)
fF=Ws 21 _ (3.5)

E + %lnz

B , 1 hs + h

Cs = WSO(gs— 1) Eln 16T (36)

In the above equations s, / and w are the gap, length and width of the electrodes,
respectively, /y1s thickness of the film, 4, and &' are the thickness and permittivity of the
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substrate, while & is the vacuum permittivity. The dielectric permittivity of the film &’ is
then calculated from the measured capacitance Cy,, as:

Cot 2. (. Iy e —1 he +h
”t——ln(4—)—gsn ln<16 ! 5)] (3.7)
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All the above equations are strictly valid in the case when the following inequalities
are satisfied: s < 0.25-1, s < 0.5-hy, hy<s < 10-hrand &£’s/&’s > 100. The last two conditions
were sometimes not completely fulfilled. In those cases we also performed a more
rigorous calculation based on the improved model by Vukadinovi¢ et al. [147], which is
valid with inequalities relaxed to: s << hs+ hy < [l and &, < & < &’z The &, is the
permittivity of the surrounding medium (~1). The difference between the permittivities of
the film calculated from both models was always smaller than 10 %. The main
experimental uncertainties are the determination of the film thickness (= 5nm) and the
optical measurement, as well as the uniformity of the gap between the electrodes (£ 0.25
um). These lead to an approximate relative error of the &’s calculation of 10 %.

Because of the low and frequency-independent dielectric losses of the alumina
substrates (1-2 x 10 in the 1 MHz — 10 GHz frequency range)[139] the measured tano
were assumed to arise from the film only.

3.2.10.2 Quasi-Static Measurements

The quasi-static polarization P of the KTaO; thin films was measured using a Keithley
617 programmable electrometer. A schematic diagram of the experimental setup is
presented in Figure 3.5 [148].

electro-
meter
|| ||
| | | |
CX CO
|
UDC

Figure 3.5: Schematic diagram of the experimental setup for the quasistatic measurements.

The Cy and C, are the capacitances of the reference and the sample, respectively, and
Upc is the applied voltage. During the measurement, the voltage on the reference
capacitor U, is measured with the electrometer. For two capacitors in series the following
relation is valid:

UDC = UO + Ux, (3.8)

where and U, is the voltage on the sample. Because the charge on the two capacitors is
the same ¢y = ¢, = ¢ it follows:
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q = UOC0 = UXCX' (3.9)
Combining the above equations we get the expression for the voltage on the sample:

_ UpcCy

= (3.10)

From C, >> C, we find that approximately all of the applied voltage is on the sample Upc
= U,.

The partial capacitance model was employed to calculate the in-plane polarization of
the film P [149]:

1
P =m(q—(Cm+Cs)UDc), (3.11)

where w and /4, are the width of the electrodes and the thickness of the film, respectively
(Figure 3.4), g is the measured charge, while C,, and C; are the partial capacitances of the
surrounding medium and the substrate, respectively, calculated from the Equations (3.4)
and (3.6).

Two types of measurements were performed. In the zero-field-cooled (ZFC) regime
the sample was cooled to 5 K, there the electric field Epc was applied, and the
corresponding polarization charge was measured on slow heating (1 K/min). In the field-
cooled-regime (FC) the sample was cooled in the external electric field to 5 K, after
which the polarization charge was measured on heating under the same conditions.

In an additional measurement the sample was cooled from 300 K to 5 K in the ZFC-
regime and at selected temperatures an external field of 40 kV/cm was applied. After the
induced charge was measured, the field was switched off and the sample was cooled to
the next temperature, where the procedure was repeated. The quasi-static permittivity &
was calculated from the polarization of the film as:

P
& = (3.12)

&Epc

Note that the quasi-static permittivity & fundamentally differs from the permittivity
&’(w) measured in different frequency domains, where it can be expressed as a derivative
of the polarization P with respect to an applied electric field £. They correspond to each
other only in the systems where the polarization is linear in the measured electric field
range.

3.2.10.3 Microwave Measurements

The TEy;s dielectric resonator (DR) method was employed for the microwave (MW)
characterization of the ceramic samples. A typical structure, consisting of the base DR
and the cylindrical sample with the approximate thickness and diameter of 70 um and 6
mm, respectively, was used. The measurements were performed on heating from 10 K to
300 K with a heating rate of ~1 K/min in a transmission setup using an Agilent E§364B
Network Analyzer and Janis closed-cycle He cryostat. The measurement procedure
consisted of two steps: first, the resonator with DR only was measured; in the second step,
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the measurement with the resonator with DR and the sample was performed. The
dielectric permittivity ¢’ and dielectric losses tand of the ceramics were evaluated from
the resonant frequency Fjy and quality factor O by numerical calculations based on
electrodynamic analysis [150]. All the measurements were performed with weak coupling
between the resonator and the external circuit to diminish parasitic losses. Because of the
large change of the permittivity value in the measured temperature interval, which
strongly influences the resonant frequency value, the properties were determined at the
single frequency of resonance for each temperature, i.e., in the range 2—6 GHz.

The above-described resonator structure was modified for the measurement of the
KTaOs thin films. To increase its sensitivity, DR was removed from the structure, and
instead, polycrystalline alumina or c-sapphire substrates were used [151]. Again,
individual measurements of the resonator with the substrate and of the resonator with the
substrate and the film were performed. Similar calculations as in the case of the ceramic
samples were performed to evaluate the dielectric properties of the films. The dielectric
properties were evaluated at 14.5 GHz and 16.2 GHz in the case of the alumina and c-
sapphire substrates, respectively.

QWED split-post dielectric resonators were used to analyze the dielectric properties of
the KTag¢Nbg4O5 thin films at 7.3 GHz, 9.9 GHz and 14.5 GHz. The resonators were
connected to a Hewlett Packard HP8720ES Network Analyzer with weak coupling and
the measurements were performed from 358 K to 238 K in the Artisan Scientific Delta
9023 temperature controlled chamber. First, resonators with bare polycrystalline Al,O;
substrates were measured, followed by a measurement of the resonators with the film
deposited on the substrate. The resonators were kept at the measurement temperature for
at least 10 min before the Fj and Q values were recorded. Dielectric properties of the
films were evaluated by numerical computation as described in Ref. [152,153] using
software provided by the resonator’s supplier.

3.2.10.4 Terahertz Spectroscopy

Time-domain terahertz (THz) transmission spectroscopy was employed for the
measurements of the KTaO; films on c-sapphire substrates and ceramics with a thickness
of 73 um in the 100 GHz to 2.5 THz (~4-80 cm™) frequencyi range. The THz pulses were
generated in an interdigitated photoconducting GaAs switch, which was illuminated by a
pulse train of a femtosecond laser oscillator, and detected in a 1-mm-thick [110] ZnTe
crystal. A more detailed description of the experimental setup can be found in Ref. [154]
Measurements were performed from 300 K to ~10 K using an Oxford Instruments
Optistat continuous-flow He cryostat equipped with mylar windows.

Two signals are measured at each temperature: a reference waveform E,(¢) with an
empty diaphragm or a bare substrate in the case of the ceramics and thin films,
respectively, and a signal waveform Ey(?) with a sample attached to the diaphragm. A
typical result is shown in Figure 3.6. The ratio of the fast Fourier transforms of both
signals is a complex transmission function of the sample:

iTerm “frequency” is interchangeably used with the term “wavenumber”.
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Es(w)

t(w) = E (@)

(3.13)

t(w) is correlated to the complex index of refraction N(w) = n(w) + ix(®), from which the
complex permittivity function is calculated as £(w) = N°. Detailed calculations are
described in Ref. [155-157].
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Figure 3.6: THz time-domain waveforms of the bare c-sapphire substrate and substrate with the
200-nm-thick KTaO; thin film, both measured at 20 K. 0 - direct pass; 1 — first internal Fabry-
Pérot reflection.

3.2.10.5 Infrared Spectroscopy

The Fourier-transform infrared (FT-IR) measurements were performed using a Bruker
IFS 113v spectrometer. At room temperature the spectra were collected with pyroelectric
deuterated triglycine sulfate (DTGS) detector in the 25-3000 cm™ (0.75-90 THz)
frequency range. Temperature-dependent measurements were performed from 300 K to ~
5 K using an Oxford Instruments Optistat continuous-flow He cryostat with polyethylene
windows. These spectra were collected in the 20-625 cm™ (0.75-19 THz) range with a
highly sensitive helium-cooled Si bolometer detector operating at 1.5 K.

One-side-polished ceramics were measured in a near-normal specular reflectance mode
with a resolution of 2 cm™. In addition to the reflectance mode, thin films were also
measured in a transmission mode with a resolution of 0.5 cm™,

3.2.10.6 Raman Spectroscopy

The unpolarized Raman spectra were measured in a back-scattering configuration using a
Renishaw RM 1000 Raman Micro-spectrometer equipped with a grating Rayleigh filter
allowing the measurement of Raman shifts down to ~20 cm™ and with a CCD detector.
The spectra were excited with the 514.5 nm line of an Ar laser at ~20 mW. The laser
beam was focused to a spot of ~5 um in diameter on the sample surface using a long-
working distance x20 microscope objective. The one-side-polished ceramic sample was
placed in an Oxford Instruments Optistat continuous-flow He cryostat, equipped with
optical windows, operating in the 4-300 K temperature range.
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4 Results and Discussion

4.1 KTaO; Ceramics

In the first part of this chapter the processing and characterization of the KTaO; powders
are described. The mechanochemically activated K,COs3-Ta,0Os powder mixtures were
analyzed using XRD and IR spectroscopy. The phase composition, microstructure,
chemical and structural homogeneity of the KTaO; powders after single- and double-
heating at 800°C were analyzed in terms of FE-SEM and analytical TEM.

The conventional and the pressure-assisted sintering of the KTaOs; powder compacts
are presented in the second part. The phase composition, microstructure and homogeneity
of the ceramics were investigated. The RF dielectric properties of the highly dense
ceramics are also shown and discussed in relation to the processing.

In the last part the MW, THz and IR dielectric properties of the hot pressed KTaO;
ceramics, prepared from the double-heated powders, are described. In addition, Raman
spectra are also presented. The chapter concludes with an evaluation of the intrinsic
dielectric behavior of the KTaOs ceramics.

4.1.1 Synthesis of the Powders

4.1.1.1 Mechanochemical Activation

The stoichiometric K,CO3-Ta,0Os starting-powder mixtures were homogenized for 4 h in
the planetary mill (Chapter 3.1.1.2). According to the XRD analysis (Figure 4.1), the
mixtures consist of the hydrated form of monoclinic K,CO;3, i.e., K,CO; - 1.5 H,O and
orthorhombic Ta,0s. After 5 h of the high-energy milling the K,CO; could not be
detected anymore, instead, small peaks corresponding to the K4H,(COs); - 1.5 H,O phase
are present in the pattern. These peaks are hardly observable after 10 h of milling. The
intensity of the peaks corresponding to the Ta,Os phase decreased after the high-energy
milling. The increased background of the patterns after the milling indicates the presence
of the amorphous phase. A small amount of the pyrochlore K,Ta;Os phase was also
formed. Note that the formation of the hydrogencarbonate phase upon high-energy
milling was also observed in the Na,CO3-Nb,Os system [158].

The IR spectra of the powder mixtures are shown in Figure 4.2. The spectrum of the
homogenized mixture in the 900-1800 cm™ range reveals absorption bands characteristic
of the free carbonate ions: 1) the C—O asymmetrical stretching vibration (v3) at 1390 cm™,
with two shoulders at 1445 cm™ and 1365 cm™; 2) the C-O symmetrical stretching (v;) at
1060 cm'l; and 3) a band at 1750 cm'l, which corresponds to a combination of the v;
mode and the CO;” in-plane deformation (1v4). Even though the v; vibration is IR inactive
in many simple carbonates, it is activated in the hydrated form of K,COj; because of the
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slight distortion from original D3, structure of the C032' ion (Figure 4.3) due to K" ions
and water molecules [159,160].
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Figure 4.1: XRD patterns of the K,CO;-Ta,Os powder mixtures after the homogenization (0 h)
and after 5 h and 10 h of the mechanochemical treatment. Note the change of the scale for
different patterns. T — Ta,Os[161]; K — K,COj3 - 1.5 H,O [162]; KH — K4H,(CO;);5 - 1.5 H,O [163];
Py — pyrochlore K,Ta,O¢ [164].

With increasing time of the high-energy milling, the intensity of the v; band becomes
progressively smaller and shifts to larger wavenumbers, reaching 1410 cm™ after 10 h. In
addition, new broad bands appear at 1625 cm™, 1550 cm™ and 1320 cm™, indicating a
gradual splitting of the v; vibration into several bands. The v; band broadens and shifts to
1040 cm™.

The change of the shape and the position of the v; band, as well as the intensive
splitting of the v; band upon milling, is a consequence of the strong deformation of the
COs5” jon structure because of the carbonato complex formation. Splitting of the v; mode
(Av;) is sensitive to the type of the coordination and in principle increases from the
unidentate (Av; < 100 cm™) to the bridging type (4v; > 100 cm™) of the coordination
(Figure 4.3). In our case, the splitting is rather large, i.e., Av; = 1625-1320 cm™ = 305
cm™, indicating either the bidentate or bridging type. However, the splitting is also
sensmve to the polarizing power of the central cation; therefore, the exact type of
coordination is difficult to determine [165]. Furthermore, eventual overlapping of the
band at 1625 cm” with the band characteristic for the hydrogencarbonate cannot be
completely excluded [166].

To lower its symmetry the COs> ion has to reconstruct and the formed complex is
amorphous, or at least nanocrystalline (Figure 4.1). An amorphous structure of the
carbonato complex was reported by Rojac et al. [158,167], who performed high-energy
milling studies on the Na,CO,-Nb,Os and K,CO;-Nb,Os systems. Importantly, the



Results and Discussion 59

formation of the carbonato complex in the precursor-powder mixtures was proved to
strongly facilitate the homogeneity of the (K,Na,Li)(Nb,Ta)Os ceramics, resulting in
excellent dielectric and piezoelectric properties [87,88].
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Figure 4.2: IR spectra of the K,COs-Ta,O5 powder mixtures after the homogenization (0 h), and
after 5 h and 10 h of the mechanochemical treatment.
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Figure 4.3: Structure of the carbonate CO5> ion and its common coordination types. M — metal.

4.1.1.2 Phase Composition and Microstructure

The 10 h mechanochemically activated powder mixtures were single or double heated at
800°C for 4 h, and are subsequently denoted as the 1C and 2C powders, respectively.
According to the XRD analysis, both powders are single-phase perovskites (Figure 4.4),
without any significant difference between the two patterns.

The particle size distribution is shown in Figure 4.5. The median size dsy increases
from 290 nm for the 1C powder to 410 nm for the 2C powder, which is related to the
particle coarsening during the second calcination. The result is in agreement with the FE-
SEM analysis shown in Figure 4.6a and b, in which cuboidal particles with sizes ranging
from ~100 nm to ~500 nm can be observed. However, a careful inspection of the 1C
powder micrograph reveals the presence of very small particles. The 5-20 nm large
nanoparticles can be crystalline or amorphous, as evident from the high-resolution TEM
micrograph (Figure 4.6¢), and are attached to larger particles with rough and amorphous
edges. No such nanoparticles were revealed in the case of the 2C powders.
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Figure 4.4: XRD patterns of the KTaO; powders after the first (1C) and the second (2C) heating at
800°C for 4 h. All peaks correspond to the perovskite KTaO; phase [142].
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Figure 4.5: Particle size distribution with the median particle size ds, of the KTaO; powders after
a) the first (1C) and b) the second (2C) heating at 800°C for 4 h.

The chemical composition of the 1C powders was determined by a combination of the
quantitative EDXS analysis in terms of the K and Ta concentration and the quantitative
EELS analysis in terms of the K and O concentration. Grains with thicknesses above 100
nm were studied with the EDXS only. The complete analysis is summarized in Figure 4.7.
The well-crystallized large particles (area 1) have stoichiometric compositions with a
K/Ta ratio of 1. The particles continuously show a slight excess of K, which could be
caused artificially because the measurements were performed at the thinner, electron-
transparent, parts of the particles. Some of the large particles have amorphized edges
(area 2) and their composition is close to the stoichiometric value. They are chemically
less homogeneous than the well-crystallized particles. The composition of area 3 strongly
varies from K- to Ta-rich, having K/Ta ratios from 1.29 to 0.65. It corresponds to the
poorly crystalline or amorphous nanoparticles.
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Figure 4.6: a) and b) FE-SEM, ¢) and d) TEM micrographs of the single (1C) and double (2C)
heated KTaO; powders. Both heatings were performed at 800°C for 4 h. In a) the arrows indicate
nanoparticles attached to the larger particles.
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Figure 4.7: a) TEM micrograph of the 1C KTaO; powder, single heated at 800°C for 4h. Numbers
denote the areas from which the composition shown in b) was obtained by the EDXS analysis.
The area 1 represents well-crystallized cubic-shaped particles; the area 2 represents the particles
with disturbed edges; while the area 3 represents poorly crystalline or amorphous nanoparticles
attached to larger ones. In b) the dotted horizontal line denotes the nominal compositions, while
grey areas correspond to the standard deviation + 26 (+ 2.6 at.%). For the concentration of O
obtained by EELS see Ref. [145].

Even though the XRD analysis indicated a phase-pure composition the above-
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described morphological and compositional investigations revealed rather heterogeneous
KTaOs powders after one heating at 800°C. The partially amorphous nanoparticles with a
strongly varying composition could be the residuals of the partially amorphous
mechanochemically activated powders. Apparently, at least two heatings at 800°C are
necessary for the preparation of KTaOs powders with enhanced homogeneity.

4.1.2 Sintering, Phase Composition and Microstructure of the Ceramics

The 1C powder compacts were sintered in air at 1325°C for 1 h and the obtained relative
density of the ceramic (1C-Air) was 81 %. According to the XRD, the ceramic consisted
of the perovskite phase (Figure 4.8a); however, weak reflections assigned to the
KeTajp3030 phase [168] are present in the detailed view of the pattern shown in Figure
4.8b. According to the Ta,Os-KTaO; phase diagram [70] (Figure 1.9) this is the high-
temperature phase, which was formed because of the losses of potassium oxide during the
sintering and was kinetically stabilized upon cooling. To reduce the losses of the
potassium species [169] and to enhance the densification [170] the powder compacts were
also sintered in an oxygen flow. The 1C-O, ceramic had a higher relative density than the
1C-Air ceramic, i.e., 85 %; however, traces of the K¢Ta 03030 phase were still present.
Qualitatively, the same sintering behavior was also observed for the 2C powder compacts.
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Figure 4.8: XRD patterns of the 1C-Air, 1C-O,, 1C-HP and 2C-HP KTaO; ceramics. In b)
detailed view of the square rooted XRD patterns in the 20—40° 20 range is shown. Peaks denoted
with the Miller indices correspond to the perovskite KTaO; phase [142]. X — K¢Ta 05030 phase
[168].

External pressure increases the driving force for the densification of the powder
compacts upon sintering [171]. Hot pressing of the 1C and 2C powder compacts was
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performed at 1250°C for 2h. The obtained 1C-HP and 2C-HP ceramics had relative
densities equal to 98 % and 95 %, respectively, and no peaks corresponding to secondary
phases could be detected in the XRD patterns (Figure 4.8).

Figure 4.9: FE-SEM micrographs of the fractured (a, c, e) and polished (b, d, f) surfaces of the
KTaO; ceramics prepared by sintering in air at 1325°C (1C-Air) and by hot pressing at 1250°C
(1C-HP, 2C-HP). The images of the fractured and polished surfaces were obtained by the
secondary- and back-scattered-electron imaging modes, respectively.

FE-SEM micrographs of the fractured and polished surfaces of the 1C-Air ceramics,
sintered in air at 1325°C, are shown in Figure 4.9a and b, respectively. A bimodal grain
size distribution is observed, with smaller grains below ~500 nm and larger grains
reaching a size of 1-2 um. Approximately 10-um-large inclusions of the secondary
KeTaj03030 phase were observed at the edge of the sample only (not shown here),
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indicating that the losses of the potassium species appear mainly from the surface.

A bimodal grain size distribution can also be observed in the micrographs of the 1C-
HP and 2C-HP ceramics that were prepared by the hot pressing at 1250°C of single- and
double-heated powder compacts, respectively (Figure 4.9¢c, d, e and f). Compared to the
1C-Air ceramics, the large grains are bigger and can exceed a size of 3 um. Smaller
grains are present inside the porous regions. The grain size distribution is more uniform in
the 2C-HP ceramic, though the distribution is still bimodal, with larger grains reaching a
size of 5 um. A relatively intensive contrast between the individual grains is observed in
the back-scattered (BE) micrograph of the polished surface of the 1C-HP ceramic shown
in Figure 4.9d. It could be a consequence of the different relative orientations of the
individual grains and/or a heterogeneous chemical composition of the ceramic, which was
confirmed by the TEM analysis (see discussion below).

The poor densification of the KTaO3; ceramics upon atmospheric sintering has been
attributed to the covalent character of the Ta—O bond [72]. In a sintering study of covalent
materials, such as Si and B-SiC, Greskovich and Rosolowski observed that the low-
energy surface diffusion and gas-phase transport, prevailing at low heating temperatures,
were much more pronounced than the high-energy material-transport mechanisms, i.e.,
lattice and grain-boundary diffusion, resulting in localized grain and pore coarsening with
only negligible macroscopic densification [172]. In our case the hot pressing enhanced the
densification; however, the external pressure during sintering does not influence the grain
growth [171] and the broad grain size distribution observed in the atmosphere-sintered
ceramics was also retained in the hot pressed ceramics.

The compositional TEM analysis results of the 1C-HP ceramic are summarized in
Figure 4.10. Similar to the 1C powder, the sample can be roughly divided into three areas.
The majority of the large grains, with a stoichiometric composition within the +26
relative error, represent area 1. Area 2 corresponds to the large and small grains in their
vicinity, having Ta-rich compositions with a K/Ta ratio in the range from 0.55 to 0.90.
Some of the grains also had K-rich compositions and are marked with area 3. Their K/Ta
ratio reached values up to 1.30. The deviation interval of the K/Ta ratio observed in the
1C-HP ceramic is very similar to the deviation observed in the 1C powder, i.e., 0.65-1.29
(Figure 4.7). Heating at 1250°C for 2h did not remove the compositional heterogeneities
present in the powders prepared at 800°C.

Further TEM analyses at higher magnifications revealed presence of a small amount of
the amorphous or partially crystalline triple pockets, situated between the large grains
(Figure 4.11). The pockets are strongly K-deficient, with a K/Ta ratio of 0.55, while the
adjacent grains have a ratio of 0.8, as determined by the combined EDXS/EELS analysis.
In both cases the K/O ratio has a value of 0.28 (Table 4.1), which is less than the
stoichiometric value of 0.33. The presence of the amorphous triple pockets could be
connected to the appearance of the intergranular liquid phase upon sintering. According to
the Ta,0s-K,CO; phase diagram (Figure 1.8) the temperature of the eutectic melting
between KTaO; and K,TaOy is at 1090°C. [69] Note that the nanoparticles present in the
1C powder had K-rich and K-deficient compositions (Figure 4.7).
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Figure 4.10: a) TEM micrograph of the 1C-HP KTaO; ceramic prepared from the single-heated
powders by hot pressing at 1250°C. Numbers denote the areas from which the composition shown
in b) was obtained by the EDXS analysis. The area 1 represents small grains with the perovskite
composition and a slightly Ta-rich tendency. The area 2 represents large grains and small grains
in their vicinity, both with a similar Ta-rich composition. The number 3 correspond to either small
or large grains with a K-rich composition. In b) the dotted horizontal line denotes the nominal
compositions, while grey areas correspond to the standard deviation + 26 (£ 2.6 at.%). For the
concentration of O obtained by EELS see Ref. [145].

Figure 4.11: TEM micrograph of the 1C-HP KTaO; ceramic. The amorphous triple pocket (1)
between the two grains (2) is shown in the inset. Numbers represent the areas where the combined
EDXS/EELS analyses were performed.

Table 4.1: Composition of the amorphous triple pocket and the adjacent grain observed in the 1C-
HP ceramic obtained by the combined EDXS and EELS analysis. The nominal values in the
perovskite KTaO; phase are also given.

Atom Triple Pocket (1) Grain (2) Nominal
K [at. %] 15.8+0.8 17.0+0.9 20
Ta [at. %] 28.5+0.8 21.5+0.6 20
O [at. %] 55.7+09 615=+1.1 60
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A TEM micrograph of the 2C-HP KTaOs ceramics, prepared from the double-heated
powders, is shown in Figure 4.12. Again, compositional deviations were revealed by the
EDXS analysis. Smaller grains are either stoichiometric within the 26 error, or they
show a K-rich tendency with a K/Ta ratio even up to 1.6 (Figure 4.12b). On the other
hand, larger grains can be either stoichiometric, Ta-rich with a K/Ta ratio reaching 0.8, or
K-rich with a K/Ta ratio up to 1.6 (Figure 4.12c). In some of the grains the compositional
variations within the grains were determined. The examples are shown in the insets of
Figure 4.12b and c. A thorough investigation of the sample revealed that the amorphous
triple pockets, determined in the 1C-HP ceramic, are not present. In this respect the
structural homogeneity of the 2C-HP ceramic is enhanced.
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Figure 4.12: a) TEM micrograph of the 2C-HP KTaO; ceramic prepared from the double-heated
powders by hot pressing at 1250°C. The areas from which the compositions shown in b) and c)
were obtained by the EDXS analyses are marked. In b) area 1 represents small grains with the
perovskite composition, while area 2 represents small grains with the K-rich compositions. In c)
area 1 represents large grains with a perovskite composition, area 2 represents large grains with
Ta-rich compositions and area 3 represents the grains with K-rich compositions. Some of the
grains showed large compositional variations. Examples are shown in the insets of b) and c¢). The
dotted horizontal line denotes the nominal compositions, while the grey areas correspond to the
standard deviation = 25 (+ 2.6 at.%) for each element.

The global chemical composition of the 1C-HP and 2C-HP ceramics was determined
by a quantitative chemical analysis (Table 4.2). The K/Ta molar ratio in both ceramics is
equal to 0.98; however, the deviation from the stoichiometric value is within the
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measurement uncertainty. Small amounts of Co and W are present in both ceramics. This
is a consequence of the wear of the milling vial and the balls during the high-energy
milling. The slight difference in the amounts of impurities in the two samples is a
consequence of the different milling vials and balls used for individual batches.

Table 4.2: Chemical composition of the 1C-HP and 2C-HP KTaOj; ceramics determined by the
ICP spectrometry. The nominal values for K and Ta in the perovskite phase are also given.

Atom 1C-HP 2C-HP Nominal
K[w.%] 143104 144+04 14.6
Ta[w. %] 67.9+2.0 682+20 67.5
K[at. %] 19.7+0.6 20.1+£0.6 20
T [at. %] 202+0.6 20.6+0.6 20
Co [ppm] 77+2 71+£2 /

W [ppm] 600+20 900+ 30 /

4.1.3 Radio-Frequency Dielectric Properties

The RF dielectric properties of the 1C-HP and 2C-HP KTaO; ceramics were measured
upon cooling from 300 K to 5 K and the 1-kHz values of dielectric permittivity ¢’ and
dielectric losses tand are compared in Figure 4.13. The permittivity & of the 1C-HP
ceramic increases from 240 at 298 K to 2450 at 5 K, while a much larger increase is
observed in the 2C-HP ceramic, with the permittivity reaching 4090 at 5 K. The losses of
the 1C-HP ceramic are 0.053 at 298 K and reach 0.0066 at 5K. On the other hand, the
losses of the 2C-HP ceramic are 0.0024 and 0.0048, at 298 K and 5 K, respectively. A
strong peak in the spectrum of the 2C-HP ceramic is observed at 46 K, while only a
shoulder is present at the same temperature in the spectrum of the 1C-HP ceramic.
Several relaxation peaks are observed in the temperature range from 200 K to 70 K in
both the loss spectra.
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Figure 4.13: a) Temperature dependence of dielectric permittivity & and b) dielectric losses tand
of the 1C-HP and 2C-HP KTaOj; ceramics measured at 1 kHz. Note the logarithmic scale in both
cases. Lines between the experimental points are guides to the eye.

The frequency dependence of the losses tand of the 2C-HP ceramic in the temperature
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range from 250 K to 5 K is shown in Figure 4.14a. The maxima, appearing in the three
temperature ranges marked with numbers, follow the Arrhenius law (Equation (1.10),
Figure 4.14b) and their attempt frequencies @y and activation energies E, are given in
Table 4.3.
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Figure 4.14: a) Temperature dependence of dielectric losses tano of the 2C-HP ceramic measured
at 1 kHz, 10 kHz and 100 kHz. Different frequency-dispersion regions are marked. b) Arrhenius
plots of the three dispersion regions in the frequency range from 100 Hz to 100 kHz. Calculated
activation energies E, are also given.

Table 4.3: Arrhenius activation energy E, and attempt frequency @, of the three frequency-
dispersion regions observed in the loss spectra of the 2C-HP ceramic (Figure 4.14).

Arrhenius Parameter Region1 Region2 Region3
E, [meV] 370 225 86
o [s] 54x10% 3.6x10° 2.0x10"

4.1.3.1 Discussion

The 2C-HP ceramics, prepared from the double-heated powders, exhibit an almost
doubled 1-kHz permittivity €’ (4080) and lower dielectric losses tand, both measured at 5
K, as compared to the 1C-HP ceramics, prepared from the single-heated powders. The
enhancement of the dielectric properties is attributed to the enhanced structural
homogeneity and changed grain size distribution. Compared to the literature, this is one of
the highest &’ values reported for KTaOs ceramics (Table 1.5), and is comparable to the
single-crystal value of 4500 [20,75].

Several relaxations are observed as the frequency-dependent peaks in the tand spectra
of both ceramics, and these were analyzed in detail for the 2C-HP ceramics (Figure 4.14
and Table 4.3). The relaxations indicate the presence of re-orientable dipolar entities
inside the perovskite crystal lattice. Their concentration is small, as indicated by the
Arrhenius behavior [22]. The presence of these relaxations, which were not observed in
the single crystals, was previously reported for KTaO; ceramics; however, no detailed
analysis was made [71,74,75]. However, the intensity of the corresponding tano-peaks
was found to be strongly processing dependent.
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The activation energy E, and the attempt frequency @y obtained for region 1 are very
close to the characteristic values for the Co*"-doped KTaOs (Table 1.4) [26]. Note that 77
ppm and 71 ppm of Co were detected in the 1C-HP and 2C-HP ceramics, respectively
(Table 4.2).

The presence of W was also detected in the ceramics by chemical analysis. The
appearance of the dispersion region 2 could be associated with this W; however, no data
on the dielectric properties of W-doped KTaO; could be found. The relaxation feature
marked as region 3, with the activation energy of 86 meV, is the typical relaxation
observed in KTaO; ceramics as well as in single crystals as the 1 kHz-tand peak at ~45 K
(Table 1.4), which appears to be related to Li-impurities [20,24,25].

4.1.4 Broadband Dielectric Properties

Because of the enhanced properties, the 2C-HP KTaO; ceramics, prepared by hot
pressing double-heated powder compacts at 1250°C, were selected for the MW, THz and
IR dielectric characterization and lattice-dynamics evaluation. The Raman spectra were
also analysed.

4.1.4.1 Microwave Properties

The temperature dependence of the dielectric permittivity " and the dielectric losses tano,
measured in the MW frequency range (2—6 GHz) is shown in Figure 4.15. Similar to the
RF-range (Figure 4.13a), the permittivity increases with a decreasing temperature from
~220 at room temperature to 3420 at 20 K. The values of the losses at the respective
temperatures have the values 9.5 x 107 and 5.2.x 10°, which is higher than in single
crystals, where one finds at 3 GHz: 1.4 x 10 at 300 K and 4.2 x 10~ at 5.4 K (Figure
1.4) [15].
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Figure 4.15: Temperature dependence of the permittivity &’ and dielectric losses tano of the 2C-
HP ceramic measured in the 2—6 GHz frequency range.

Two loss peaks are observed at ~145 K and 32 K. The first was measured at a
frequency of 4.76 GHz and assuming an Arrhenius-type temperature dependence of the
relaxation frequency it corresponds to the relaxation region 3, observed in the RF-losses
spectrum (Figure 4.14). The origin of the second maximum is more unclear. Axelsson and
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co-workers [71] measured KTaO; ceramics at ~1 GHz and observed a peak in tano at ~20
K. Based on the work of Breeze et al. [173], who reported that in the low-permittivity
oxide ceramics (&’ < 10) a peak in tand at ~45 K (9.37 GHz) is associated with the
presence of grain boundaries, the authors assigned it to the vacancies-induced dipoles at
the grain boundaries. However, the low-temperature maximum MW loss-spectrum is in
the same temperature range as reported before for single crystals by Ivanov et al.
[174,175]. Here it was ascribed to the interaction between the transverse optic and
longitudinal acoustic modes, partially driven by the defects.

4.1.4.2 Terahertz and Infrared Properties

The IR reflectivity spectrum of KTaO3 ceramics measured at room temperature is shown
in Figure 4.16a. For comparison we also plot the reflectivity spectrum calculated from the
measured THz transmission data.
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Figure 4.16: IR reflectivity spectra (lines), together with the reflectivity calculated from THz
transmission data (symbols), of 2C-HP KTaOj; ceramics measured at a) 300 K and b) at selected
temperatures in the 300-20 K range. In b) note the logarithmic wavenumber scale. Approximate
positions of the TO1, TO2 and TO4 polar modes are marked. In b) the experimental data are
compared to the fits (dashed lines).* — two-phonon combination band.
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The measured normal reflectivity R(@) is related to the complex dielectric permittivity
¢ (w) by Equation (10.1). We performed a simultaneous fit of the IR reflectivity spectra
and the complex permittivity spectra obtained from THz measurements. For this we used
the so-called generalized 4-parameter oscillator model with the factorized form of the
complex permittivity (Equation (10.3). A temperature-independent value of 4.3[176] was
taken for the high-frequency electronic polarization &.
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Figure 4.17: a) Real ¢’(w) and b) imaginary &' ’(w) parts of the complex dielectric
permittivitys (@) of the 2C-HP KTaO; ceramics calculated from the simultaneous fits of the IR
and THz data (the latter shown as the symbols) measured at different temperatures.

A good agreement between the experimental data and the fits is seen in Figure 4.16b.
The values of the fit parameters were used to calculate the & and &'’ spectra, which are
plotted in Figure 4.17 along with the permittivity spectra directly calculated form the THz
transmission data. The three polar phonons, which are allowed in the cubic Pm3m
structure, are observed as distinct resonances in the complex permittivity spectra and
correspond to the three most pronounced reflection bands in Figure 2 (TO1, TO2 and
TO4). An additional band is present in the reflectivity spectrum at 761 cm™; it is a
combination band of the TO2 + TO4 modes, which does not correspond to any
fundamental vibrational mode. The room-temperature positions of the TO1, TO2 and
TO4 modes are 83 cm™, 201 cm™ and 543 cm™, respectively, and are in agreement with
the IR literature data on KTaOs single crystals [176,177]. The temperature dependence of
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the frequencies wro; obtained by fitting is shown in Figure 4.18.

The resonance corresponding to the TOl mode is the most pronounced one in the
spectra and its dielectric strength strongly increases with decreasing temperature. The
TO1 mode strongly softens, and its wyo; value reaches 23 cm! at 20 K. The TO1 mode is
called the soft mode (SM), and the wrp; temperature dependence is comparable to that
found in single crystals by hyper-Raman scattering [122]. The damping constant y7o; of
the TO1 mode (shown in the inset of Figure 4.18) is also in qualitative agreement with the
hyper-Raman data; it continuously decreases from a room temperature value of 15.1 cm™
to 4.6 cm™ at 20 K.

Ichikawa et al. [178] investigated a single crystal using time-domain THz
spectroscopy; above 100 K they report slightly lower values of wro; and y70; compared to
our results and the hyper-Raman scattering data. However, in Ref. [178] the data were
obtained only in a narrow frequency range below wrp; and we believe that within the
accuracy of the experiments their results correspond well to our data on ceramics.
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Figure 4.18: Temperature dependences of the wro;, ®ro, and wro, polar phonon frequencies. The
lines are guides to the eye. Inset: Temperature dependence of the TO1 mode damping constant

Yroi-

To analyze further the polar phonons dynamics in KTaOs3 ceramics, the mode-plasma
frequencies £2ro; (Equation (10.7)) and the total plasma frequency £27or were calculated at
each measured temperature (Figure 4.19). In agreement with the general sum rule
(Equation (10.8)), Qror is not temperature dependent. The room-temperature values of
the mode-plasma frequencies are: 2yo; = 1197 cm'l, ro> =492 cm’! and Oros= 823 cm’
L Oros does not change with the temperature, while (2ro; and (270, show slight
temperature dependences: rp; = 1236 cm! and ro> = 403 cm’ at 20 K. These
dependences indicate a rather small, but detectable, coupling of the two low-frequency
modes.

The mode-plasma frequencies are proportional to the effective charges of the modes
and may be used for the assignment of the dielectric response function to the atomic
displacements in the crystal lattice. A comparison of the (27 values of the KTaOs
ceramics to the literature data on typical cubic ABO; perovskites [179] (Table 10.1)



Results and Discussion 73

indicates that the TO1 mode primarily corresponds to the vibration of Ta>* ions against
rigid Og octahedra (Slater mode). The TO2 mode is mainly related to the vibration of K'*
ions against a rigid TaOg structure (Last mode), while the TO4 mode corresponds to a
bending of the O¢ octahedra (Axe mode) (Figure 10.1). The result is also in agreement
with the theoretical calculations [180].
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Figure 4.19: Temperature dependences of the 2ro; 2rp, and 2rp, mode-plasma frequencies,
together with the overall plasma frequency £2ro7. Lines between the points are guides to the eye.

4.1.4.3 Analysis of the Broadband Dielectric Properties

As presented in Figure 4.20, the increase of the 1-kHz permittivity &’ with decreasing
temperature from 300 K to 30 K follows the Curie-Weiss law (Equation (1.1)), and the
obtained fitting parameters (Table 4.4) are in good agreement with the single-crystal data
of Wemple et al. [181] Because the quantum fluctuations become important, the
permittivity &’ starts to deviate strongly from the Curie-Weiss behavior below ~30 K.
Thus, the data can be fitted by the Barrett equation (Equation (1.8)). The obtained fitting
parameters correspond well to those previously reported for single crystals, though a
slightly lower value of C is found in our ceramic samples (Table 4.4, Table 1.3) [21,121].

On the other hand, softening of the TO1 (SM) mode obeys the Cochran law (Equation
(10.9), Figure 4.20). The extrapolated critical temperature can be estimated only roughly
because we have only a small number of data points: 7., = —4 + 2 K; it is somewhat less
than that obtained from the Barrett fit of the permittivity. The constant 4, obtained from
the Cochran fit, and the Curie-Weiss constant are related through: C = .ngM / A. By
taking the room-temperature value (g, = 1197 cm™, the calculated Curie-Weiss constant
is 62,300 K, which is in reasonable agreement with the value obtained from the Curie-
Weiss fit, i.e., 59,400. A deviation of the soft-mode dynamics from the Cochran law is not
observed because the sample became too opaque for the THz transmission measurements
below ~20 K.
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Figure 4.20: Temperature dependence of the 1-kHz permittivity &’ and soft-mode frequency wsy,.
Blue line: Curie-Weiss fit from 300 K to 30 K. Red line: Barret fit from 300 K to 5 K; Black line:
Cochran fit from 300 K to 20 K.

Table 4.4: Curie-Weiss, Barret and Cochran fit parameters of the 2C-HP KTaO; ceramics (Figure
4.20).
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Figure 4.21: Temperature dependence of the RF (1 kHz) and MW (26 GHz) dielectric permittivity
&’ compared to the phonon contribution calculated from the IR and THz data fits. Lines between
the experimental points are guides to the eye.

The 1-kHz dielectric permittivity &’ is compared in Figure 4.21 to the one measured in
the MW range and the phonon contribution £°(0), obtained from the IR and THz fits. The
small differences at low temperatures are within the uncertainty of the MW experiment
and of the IR fit. Slightly different microstructures of individual samples can also



Results and Discussion 75

contribute to this difference.i Nevertheless, the analysis shows that the low-frequency
permittivity ¢’ in KTaO; ceramics is mainly of intrinsic origin, i.e., arising from the
contribution of the polar phonons.

4.1.4.4 Raman Measurements

Raman spectra of the ceramics measured at selected temperatures are presented in Figure
4.22. At higher temperatures the spectra are dominated by the second-order features with
broad room-temperature maxima at 119 cm'l, 159 cm'l, 280 cm'l, 461 cm'l, 584 cm'l, 691
cm’ and 746 cm™, which are in good agreement with the single-crystal data [182]. At
temperatures below ~150 K sharp bands, corresponding to the IR active modes, start to
emerge and their intensity increases with decreasing temperature. Similar Raman-
forbidden first-order scattering was also observed at low temperatures in the “nominally
pure” KTaOj; single crystals. It was ascribed to the local polar nanoregions, which can
either dynamic — in this case they could be of intrinsic (anharmonic) origin — or static,
induced by some unavoidable symmetry-breaking defects [183,184]. The cluster
dynamics is usually relaxational and it appears as a so-called central peak in the
microwave spectra. No such feature was observed in our experiments. We can thus
conclude that the most plausible origin of the first-order Raman scattering would be
defects due to the presence of Co (and W) detected by the chemical analysis (Table 4.2)
and non-stoichiometry (A-site deficiency) detected in some of the grains by the EDXS
analysis (Figure 4.12).
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Figure 4.22: Raman spectra of the 2C-HP KTaO; ceramics measured at selected temperatures.
The spectra are displaced vertically for clarity. The positions of the Raman-forbidden one-phonon
features are marked.

The details of the fitting procedure of the Raman spectrum measured at 50 K are
presented in Figure 4.23. The spectra were fitted in the range from 22 cm™ to 860 cm™ by
the sum of the harmonic oscillators multiplied by the corresponding Stokes’ temperature

iThe 2C-HP ceramics used for the MW, THz, IR, and Raman analysis had the relative density of 98 %.
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factor. The Rayleigh scattering tail at low frequencies was modeled by a temperature-
independent zero-centered mixed Gaussian-Lorentzian peak with a fixed width. The same
function was also used for the artifact peak at ~26 cm™. The harmonic oscillators used for
the fits of the second-order features do not have a straightforward physical interpretation.
They just represent a phenomenological description of the broad background scattering.
The frequencies of the one-phonon modes at selected temperatures are collected and
compared to those obtained from the IR and THz fits as well as from hyper-Raman data
on single crystals in Table 4.5. The frequency of the TO1 mode decreases with decreasing
temperature and falls outside our spectral range below 20 K. The rest of the modes do not
show significant temperature dependence, and their frequencies are in good agreement
with the room-temperature values for the single crystals [121].
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Figure 4.23: Fit of the Raman spectrum measured at 50 K. Positions of the one-phonon peaks are
marked.

Table 4.5: Phonon mode frequencies (in cm™) of the KTaO; ceramics obtained by the Raman and
combined THz and IR spectroscopies at selected temperatures. For comparison, the room-

temperature single-crystal values (SC) obtained from the hyper-Raman measurements are added
[121].

Phonon 20K 50K 40K 150K 160K | 300K
Mode Raman IR | Raman IR Raman IR IR SC
TO1 - 23 39 32 66 63 83 81
LO1 184 185 182 185 - 186 | 187 185
TO2 197 196 198 196 203 198 | 201 199
TO3 (LO3) 274 — 275 - - — - 279
LO2 — 420 - 420 - 420 | 422 422
TO4 544 546 544 546 547 546 | 543 546
LO4 828 825 828 825 - 825 | 825 826
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4.1.5 Summary

According to the XRD analysis, single-phase perovskite KTaO; powder was obtained
after calcination of the mechanochemically activated powder at 800°C; however,
chemical and structural heterogeneities were revealed by the analytical transmission
microscopy. Another calcination at 800°C was implemented to enhance the homogeneity
of the powder.

Sintering of the single-calcined powder compacts at 1325°C in an oxygen atmosphere
resulted in a ceramic with an 85 % relative density. However, the sublimation of
potassium oxide led to the formation of a potassium-deficient secondary phase. Phase-
pure ceramics with relative densities above 95 % were obtained by hot pressing the
single- and the double-calcined powder compacts at 1250°C. The hot pressing at a 75°C
lower temperature, as compared to the atmospheric sintering, effectively contributed to
the enhanced densification of the KTaOs ceramic and simultaneously also to the reduced
sublimation of potassium oxide. All the ceramics have a bimodal grain size distribution in
the um range.

A higher level of homogeneity of the KTaO; powders after double heating at 800°C
contributed also to a doubled 1-kHz dielectric permittivity and lower dielectric losses of
the 2C-HP KTaOj ceramics, with respective values of 4090 and 0.0048, measured at 5 K
and 1 kHz. The permittivity is comparable to the values reported for single crystals.

The 2C-HP KTaO; ceramics were further analyzed with broadband dielectric
spectroscopy. The three polar optic phonons, TO1 (Slater mode), TO2 (Last mode) and
TO4 (Axe mode), known from single crystals, were observed by the THz and IR
spectroscopies, and a weak coupling of the Slater and Last modes was revealed by the
mode-plasma frequencies analysis. The increase of the low-frequency permittivity with
decreasing temperature is directly related to the strong softening of the TO1 mode (soft
mode). The permittivity & value in KTaOs3 ceramics is mainly of intrinsic origin, i.e.,
arising from the polar phonons. However, higher MW losses than in single crystals,
associated with the extrinsic contributions, and the appearance of the forbidden first-order
peaks in the low-temperature Raman spectra, indicate the presence of defects inside the
ceramics. According to the chemical analysis and analytical TEM studies, the most
plausible origin of these symmetry-breaking defects are Co (and W) and the non-
stoichiometric composition of some of the grains.

Despite these defects, the KTaO; ceramics show typical incipient ferroelectric
dielectric behavior, comparable to the one in single crystals.
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4.2 KTaO; Thin Films

In the previous chapter we have shown that through control of the processing the incipient
ferroelectric KTaO; ceramics, with a permittivity comparable to the one found in single
crystals, can be prepared. The question arises, can similar behavior also be expected in
polycrystalline KTaOs thin films, in which the grain size is usually much smaller and the
substrate induces non-negligible strain?

To answer this question we have prepared and analyzed polycrystalline CSD-derived
KTaOs thin films. The present chapter begins with a description of the processing-related
issues of the films on polycrystalline and c-sapphire substrates. In the second part, the
broadband dielectric properties of the perovskite films, including quasi-static
measurements, are presented. Analyses and a discussion on the evaluated lattice dynamics
bring the chapter to the end.

4.2.1 Preparation of the Films

4.2.1.1 Thermal Decomposition of the Sols

Stoichiometric KTaO; sols were prepared through a 24-h reflux of potassium acetate and
tantalum ethoxide in 2-methoxyethanol (Chapter 3.1.2.1). Prior to the thermal analyses
the sols were dried at 60°C for at least 12 h. The analysis was performed in the
temperature range from 25°C to 755°C in a flowing air atmosphere and the simultaneous
thermoanalytical curves are shown in Figure 4.24.

In total the sample loses 19.6 % of the starting mass and we divided the loss into three
intervals: 25-200°C, 200-570°C and 570—755°C in which it loses 4.2 %, 12.2 % and 3.2
%, respectively. Three intensive minima are distinguished in the DTG curve at 108°C;
260°C (the strongest), which is followed by a broad shoulder from ~300°C to ~450°C;
and at 638°C. Note that the mass loss process is not completely finished even at 755°C.

The unpronounced endothermic peak in the DTA curve at ~105°C is accompanied by a
maximum in the EGA curve corresponding to H,O (mass fragment 18). Evolution of the
H,O and CO, (mass fragment 44) also accompanies the asymmetric strong exothermic
DTA peak at 264°C. A pronounced exo-DTA peak is present at 642°C, together with
EGA-maxima corresponding to H,O and CO,. After the analysis the XRD pattern of the
powder revealed the presence of the pyrochlore phase only (Figure 4.25).

Up to 200°C the mass loss is mainly the consequence of the evaporation of the
adsorbed H,O and probably also of the residual 2-methoxyethanol, both being
endothermic events. In the second interval between 200°C and 570°C, the dominant
process is thermal decomposition of the organic, mainly alkoxide, groups. In an inert
atmosphere decomposition of the metal alkoxides in general occurs via oxo-alkoxides to
oxides, with the simultaneous release of alkenes, ethers and alcohols (Equation (4.1)). In
the oxidizing atmosphere the alkoxide groups completely oxidize to H,O and CO,
(Equation (4.2)), which is a strongly exothermic process [102].

T
Ta(OR)s — Ta,0s + CyHyy T +R,0 T +ROH T + - (4.1)
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T,O0
Ta(OR)s — Ta,05 + CO, 1 +H,0 1 (4.2)

In the above equations R denotes alkoxide groups, in our case either ethoxide and/or 2-
methoxyethoxide. The above equations are also valid for the Nb alkoxides.
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Figure 4.24 a) TG and DTG, b) DTA and ¢) EGA curves of the stoichiometric KTaO; sol after

drying at 60°C. Positions of the strongest maxima and minima of the curves are denoted.

If the acetate groups are still present in the sols (see the Chapter 4.4.1.1.3) their
decomposition through the intermediate carbonate phase (Equation (4.3)) could take place
as well. The thermal decomposition of sodium acetate in an inert atmosphere is known to
start at ~400°C and similar behavior is also expected for the potassium acetate [185]:

T
NaOOCCH; - Na,C0O5 + CH3;COCHs. (4.3)

Decomposition of the Pb-acetate via the carbonate phase was observed in the 2-
methoxyethanol-based PZT sols [186].
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The exothermic DTA peak at 642°C most probably corresponds to the crystallization
of the pyrochlore phase (Figure 4.25). The accompanying mass loss and the evolving CO,
and H,O indicate the simultaneous decomposition of the organic and carbon residues

[187].
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Figure 4.25: XRD pattern of the KTaO; powder after the thermal analysis. All the peaks denoted
with Miller indices correspond to the pyrochlore K,Ta,O¢ [164].

The amount of impurities in the sols was determined by a quantitative chemical
analysis (Table 4.6). The analysis was performed on powders, prepared by drying the sols
at 60°C and subsequent heating at 900°C for 15 min. Small amounts of Na and Mg with
concentrations of 53 ppm and 13 ppm, respectively, were detected. The amount of Li, Fe
and Pb impurities is below 5 ppm.

Table 4.6: Typical amounts of the impurities present in the powders prepared by heating the sol
with 30 % excess of potassium acetate to 900°C. The analysis was performed with ICP

spectrometry.

Impurity Concentration [ppm]

Na 53
Mg 13
Li <5
Fe <5
Pb <5

4.2.1.2 Phase Composition and Microstructure of the Films

After spin coating the sols on alumina substrates, the as-deposited films were pyrolyzed at
350°C. To increase the thickness, the procedure was repeated four times. Final annealing
was performed at 900°C for 15 min in the RTA furnace (Chapter 3.1.2.3). These films are
subsequently denoted as the 1C films.
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Figure 4.26: XRD patterns of the 1C KTaO; films on alumina substrates prepared from the
stoichiometric sol (0 %) and sols with 10 %, 20 % and 30 % excess of potassium acetate. The
films were pyrolyzed at 350°C. After 4 depositions the final annealing was performed at 900°C
for 15 min. The pattern of the alumina substrate is also shown. P — perovskite phase [142]; Py —
pyrochlore phase [164]; X — unidentified peaks.
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Figure 4.27: XRD patterns of the 4C KTaO; thin films on alumina substrates prepared from the
sols with 30 % excess of potassium acetate. Films were dried at 180°C and annealed after each
deposition at 700°C, 800°C and 900°C, respectively. The procedure was repeated 4 times. The
pattern of the alumina substrate is also shown. P — perovskite phase [142]; Py — pyrochlore
phase [164]; X — unidentified peak.

According to the XRD analysis the films consist primarily of pyrochlore phase, when
prepared from the stoichiometric solutions (Figure 4.26). Small peaks corresponding to
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the perovskite and also some unidentified phase are also present in the pattern. The
relative intensity of the perovskite peaks gradually increases with the increasing amount
of the excess of the potassium acetate in the sols. However, the pyrochlore phase is still
present, even in the films prepared from the sols containing 30 % potassium excess.

The formation of the pyrochlore phase in the solution-derived KTaO; powders and thin
films has been frequently reported [103,115,117]. Usually it is stable after lower heating
temperatures and should in principle be transformed into a thermodynamically stable
perovskite phase by increasing the crystallization temperature. However, a strong increase
of the partial pressure with increasing temperature causes the sublimation of the
potassium species from the sample. The pyrochlore phase is then stabilized again,
because it withstands much larger off-stoichiometric deviations than the perovskite phase
[188,189].

The films were also prepared from the sols with 30 % excess of potassium acetate by a
modified route. After each deposition, the films were dried at 180°C and annealed in the
RTA furnace for 5 min. The procedure was repeated four times with final annealing for
15 min. These films are subsequently denoted as the 4C films and their XRD patterns are
shown in Figure 4.27. After heating at 700°C the films are composed of the perovskite
phase and some traces of pyrochlore, while only the perovskite phase can be detected in
the patterns of the films after heating at 800°C and 900°C.

The 4C KTaO; films were also prepared on the c-sapphire substrates. Detailed XRD
patterns of the 4C films on both substrates after heating at 900°C are shown in Figure
4.28. A small unidentified peak occasionally appeared in the pattern of the film on c-
sapphire substrate (inset of the Figure 4.28b).
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Figure 4.28: XRD patterns of the 4C KTaOs; thin films prepared on a) alumina and b) c-sapphire
substrates. The films were dried at 180°C and annealed after each deposition at 900°C. The
procedure was repeated 4 times. Patterns of the substrates are also shown. Peaks corresponding to
the perovskite phase [142] are denoted with the Miller indices. In the inset of (b), unknown peak,
which occasionally appeared in the patterns of the films on the c-sapphire, is shown. Note the
logarithmic intensity scale in both patterns.

A comparison of the relative intensities of the perovskite phase in the patterns of the
films and the powders (Figure 4.4) reveals that the films have a tendency to crystallize in
a slightly (100)-oriented perovskite phase. The preferential orientation can be quantified
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using the Lotgering factor £ [190]:

Pioo — Py
faoo) = 1-p (4.4)

where Pjyy is the ratio between the sum of the integral intensities ) /g9 of the peaks
corresponding to the (100) family and the sum of the integral intensities of all the peaks in
the pattern of the sample ) /. The Py is defined in a similar fashion for the non-oriented
sample:

2 oo
P = . 4.5
00 Y I *3)
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0 ZI}(:kl ( )

The Lotgering factor fjg takes values between 0 and 1 for the non-oriented and
perfectly oriented sample, respectively. We performed the calculation for the peaks in the
5-60° 260 range of at least 5 samples using the data from Ref. [142] as the reference.
Rather large scattering between the different samples was observed; nevertheless, the
calculated values are in the range between 0—0.3 and 0-0.4 for the films on corundum and
c-sapphire substrates, respectively.

The plane-view FE-SEM micrographs of the 4C films after heating at 900°C reveal
dense microstructures (Figure 4.29). In the case of the alumina substrate, some regions of
changed grain structure can be observed, with voids located in their centers (marked with
the arrow in Figure 4.29a). They are most probably related to the “imperfect” porous
surface of the polycrystalline substrate (see inset of the Figure). Pores are present in
between the grains in the micrographs of the film on c-sapphire (Figure 4.29b and d).
Both films have an average in-plane grain size of ~160 nm, estimated from a lineal
analysis of the micrographs. The cross-sectional views (Figure 4.29¢ and f) reveal 200-
nm-thick films with columnar-like microstructure.

The STEM analysis results of the 4C film on the alumina substrate are summarized in
Figure 4.30. The revealed cross-sectional microstructure is more porous than observed in
the FE-SEM micrograph. The STEM-EDXS line-scan was performed across the film
thickness in the direction from the substrate to the film surface on the cross-sectional
TEM specimen. Within the measurement uncertainty, the composition corresponds to the
perovskite phase through the whole thickness.

The 4C KTaOs films on corundum and c-sapphire substrates have a columnar-like
microstructure and show a tendency to crystallize in a (100)-oriented perovskite phase.
The rhomobohedral crystal structure of Al,O3 (space group R3c) is crystallographically
very different from the cubic crystal structure of the KTaO; (space group Pm3m) and
epitaxial nucleation cannot be expected. The tendency for the crystallization in a (100)
preferentially oriented perovskite phase was also observed in the polycrystalline
Ko.sNagsNbO; (KNN) thin films [191-194]. Both KTaO; and KNN are A'"B "0 -type
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perovskites, whose surface energies of the crystallographic facesi are very anisotropic. A
simplified estimation of the interplane binding energies, by taking into account the
occupation of the planes, their charge and the interplane distances, reveals that the (100)
plane is the lowest surface-energy face in KNN as well as in KTaO; [195].

Figure 4.29: a), b), c), d) plane-view and e), f) cross-section view FE-SEM micrographs of the 4C
KTaOs; thin films on corundum (a), ¢), e)) and on c-sapphire (b), d), f)) substrates. In a) surface of
the polycrystalline alumina is shown.

From the standard nucleation theory it follows that the energies needed for the
heterogeneous nucleation AG*he,em and homogeneous nucleation AG*homo are related
through:

AGliietero = AGliiomo - £(). 4.7)

The function f(¢#) depends on the geometry of the nucleus and takes values between 0 and
1 when @ is between 0° and 180°, respectively. From Equation (4.7) it follows that the
lower the contact angle, the more favorable is the heterogeneous nucleation, which is

iEnergy of bonds between the planes cut perpendicularly to the surface normal.
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often the case for the film on the substrate [196].i In thin films both nucleation
mechanisms compete, as shown in Figure 4.31a.

In very thin layers the interface-to-volume ratio is high; therefore, heterogeneous
nucleation prevails. Two different scenarios, both leading to preferential orientation of the
film, are presented in Figure 4.31. In the first one, mainly the crystallites with the lowest-
energy faces, oriented in-planeii, nucleate and grow (Figure 4.31b). In the second case, the
nuclei may have different orientations, but the in-plane grain growth is governed by the
criterion of the lowest surface energy (Figure 4.31¢) [196,197]. The as-crystallized film
acts as a seeding layer for the crystallization of additionally deposited layers of the sol.

Furthermore, the high interface-to-volume ratio of the crystallizing layer also favors
the formation of the perovskite over the pyrochlore phase; compare the phase
composition of the 1C and 4C KTaOs; films (Figure 4.26 and Figure 4.27). Similar
enhancement of the crystallization of the perovskite phase was also observed for the
CSD-derived PZT thin films on platinized silicon substrates [198].
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Figure 4.30: Cross-section STEM bright-field micrograph (above) and compositional STEM-
EDXS line scan over the cross-section of the 4C KTaO; thin film on the alumina substrate. The
position of the line scan is denoted with the arrow. The error bars represent £20 standard
deviation. The dotted horizontal line denotes the nominal compositions, while the grey areas
correspond to the standard deviation = 26 (£ 2.6 at.%) for each element.

The above-described crystallization behavior was demonstrated by Hoffmann and co-
workers [199,200] for the solution-derived BaTiO; thin films on platinized silicon
substrates. By decreasing the concentration of the deposited sol, they were able to
decrease the thickness of the as-deposited crystallizing layer. The cross-sectional
microstructure of the films gradually changed from equiaxed with a random orientation to
columnar with a preferential (100) orientation of the perovskite phase.

iIn fact similar is valid also for the surface between the film and the surrounding atmosphere. Nevertheless, our films were heated in an
RTA furnace, in which the sample is heated indirectly via the SiC susceptor which is exposed to an IR radiation. The substrate is
heated first and the temperature gradient promotes nucleation at the film/substrate interface.

iiparallel to the substrate.
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Figure 4.31: Schematic presentation of the crystallization process in the solution-derived thin
films. a) Thick crystallizing layer, where both, heterogeneous and homogeneous, nucleation
mechanisms compete. b) Thin crystallizing layer where mainly the crystallites with the lowest-
energy faces, oriented in-plane, nucleate and grow. c) Thin crystallizing layer, where mainly
heterogeneous nucleation of the randomly oriented nuclei takes place. The in-plane grain growth
is governed by the criterion of the lowest surface energy. Crystallization of only one phase, i.e.,
perovskite, is assumed.

4.2.2 Broadband Dielectric Properties

The 200-nm-thick 4C KTaO; thin films after heating at 900°C were selected for the
broadband dielectric characterization. The films on alumina substrates were investigated
in the RF and MW frequency ranges, including the quasi-static measurements. The films
on c-sapphire substrates were measured in the MW, THz and IR frequency ranges and
their lattice dynamics were evaluated. The results are analyzed and discussed in the
following chapter.

4.2.2.1 Radio-Frequency and Quasi-Static Properties

The RF and quasi-static dielectric properties were evaluated in a planar geometry (Figure
3.4). The temperature dependence of the dielectric permittivity &’ of the film on alumina
substrate measured in the 3 kHz to 1 MHz frequency range is shown in Figure 4.32. The
permittivity increases with decreasing temperature from 300 K to ~125 K according to the
Curie-Weiss law, with the extrapolated temperature 7)) = 50 K. The value is close to the
temperature of the permittivity maximum 7, = 40.4 K measured at 10 kHz (Figure
4.32b). However, the fit is only tentative, due to rounding of the data in the vicinity of the
peak because of the finite-size effects and other issues with the structural
inhomogeneities.

The permittivity & shows some frequency dispersion. The exact value of 7, can be
described with the Vogel-Fulcher law (Equation (1.2), (Figure 4.32c), with the activation
energy E, and freezing temperature 7y of 1.6 meV and 38.6 K, respectively. The fit was
obtained from a narrow frequency range and does not necessarily indicate the relaxor
nature of the KTaO; film. It is most probably associated with the experimental error
arising from temperature deviations of the LCR-meter calibration factors. Furthermore,
the temperature of the permittivity maximum 7,,,, increases with increasing DC electric
field Epc (Figure 4.32d), which is typical dependence around the paraelectric-to-
ferroelectric phase transition.

The Epc dependence of the normalized dielectric permittivity &’(Epc)/€’(0) is shown in

Figure 4.33. At room temperature the permittivity is only slightly electric-field-
dependent, while this dependence is strongly enhanced at 100 K. The tunability »
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(Equation (1.3)) at 100 K and applied field of 150 kV/cm is 2.8 (n, = 65 %). By using
Equation (1.7) and taking the & value of 640 (at 100 K) and £ value of 9 x 10° J C* m’,
one gets the estimated single-crystal tunability value » at the same applied field 2.2.
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Figure 4.32: a) Temperature dependence of the dielectric permittivity &’ of the 4C KTaO; film on
the alumina substrate measured in the 3 kHz to 1 MHz frequency range. b) Curie-Weiss fit of the
10 kHz experimental data. ¢) Vogel-Fulcher fit of the experimental data. d) DC electric field Epc
dependence of the temperature of the permittivity maximum 7, at 10 kHz. In d) the line between
the experimental points is a guide to the eye. Amplitude of the probing AC field was 4 kV/cm.
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Figure 4.33: DC electric field Epc dependence of the normalized dielectric permittivity
&'(Epc)/e’(0) of the 4C KTaOs thin film on alumina substrate. The measurement was performed at
298 K and 100 K, while the frequencies were 1 MHz and 100 kHz, respectively. The voltage
cycle was: -Epcipar — 0 V — Epcimax-



Results and Discussion 89

To further analyze the nature of the low-temperature state of the KTaO; films, the
quasi-static polarization was measured on heating after zero-field (ZFC) or field (FC)
cooling at Epc of 400 kV/em (Figure 4.34). At ~15 K the ZFC polarization has the value
of ~0.48 C/m” and this continuously decreases with increasing temperature above this
temperature, indicating a sluggish transition from the ferroelectric to the paraelectric
phase. On the other hand, the FC polarization vanishes in a much narrower temperature
interval at ~45 K. Similar hysteretic behavior around the ferroelectric phase transition,
which depends on the history of the of the sample, was also observed in 0.71 PMN — 0.29
PT single crystals and 9/65/35 PLZT ceramicsi [201,202].

The temperature dependence of the quasi-static permittivity ¢’s measured in the ZFC
regime by applying Epc of 40 kV/cm at each measured temperature is in qualitative
agreement with the behavior of the RF permittivity (inset of Figure 4.34). It increases on
cooling from room temperature until it exhibits a maximum in the temperature interval
between 20 K and 40 K, with the approximate value of 330. The behavior is similar to the
one observed for the RF-permittivity ¢’, though the absolute peak-value is significantly
smaller. The difference arises from the rather large DC field in the case of the &
measurement; in addition it is also indicating a strongly non-linear P-E dependence (see
Chapter 3.2.10.2)
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Figure 4.34: Temperature dependence of the quasi-static polarization P of the 4C KTaO; thin film
on alumina substrate measured on heating at DC electric field Epc= 400 kV/cm after field cooling
(FC) or zero-field cooling (ZFC). Quasi-static permittivity &y measured in ZFC regime by
applying 40 kV/cm at each temperature is shown in the inset.

The low-temperature value of the quasi-static polarization P increases with increasing
DC field from 0.2 C/m® to 1.15 C/m” at 84 kV/cm and 800 kV/cm, respectively (Figure
4.35). The 84 kV/cm FC value drops to zero at ~50 K. An interesting result arises from
the electric field dependence of the polarization at 15 K plotted in the inset of Figure 4.35.
It can be divided into two parts: high-field part, where the polarization increases with the
field almost linearly; and low-field part (marked with arrow), where the polarization

iMeasured above the critical field at which the ferroelectric state is induced.
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significantly deviates from the linear behavior. Even though the measurements are very
sensitive, the behavior most probably arises from the domain dynamics in the vicinity of
the coercive field E., or some polarization depinning threshold electric field £ value. The
latter can exist due to the presence of structural and/or diffusive point defects, or due to
the stress field arising from the substrate [203].
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Figure 4.35: Temperature dependence of the quasi-static polarization P of the 4C KTaO; thin film
on alumina substrate measured on heating at different DC electric fields Epc, i.e., 84 kV/cm,
400 kV/em and 800 kV/cm, after zero-field cooling (ZFC) or field cooling (FC). Electric field
dependence of the polarization P measured at 15 K is shown in the inset. The first point is taken
from the low-field RF measurements (Figure 4.32). Line between the experimental points is a

guide to the eye.

4.2.2.2 Microwave, Terahertz and Infrared Properties

A similar temperature dependence of the MW permittivity & and losses tano of the
KTaOs3 thin films on alumina and c-sapphire substrates, measured at 15.5 GHz and 16.2
GHz, respectively, can be observed in Figure 4.36. The permittivity &’ increases with
decreasing temperature from the room-temperature value of ~200, until it exhibits a broad
maximum, present in the temperature range from 30 K to 45 K and from 40 K to 60 K, in
the case of the alumina and c-sapphire, respectively. Maxima are also present in the
respective losses tand, which increase from the room-temperature values of 0.011 and
0.019, respectively. However, they are rather noisy around the maximum because of the
small quality factor Q of the resonating structure.
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Figure 4.36: Temperature dependence of the MW permittivity &’ and dielectric losses tano of the
4C KTaO; thin films on a) corundum and b) c-sapphire substrate, measured at 14.5 and 16.2 GHz,
respectively.

THz time-domain spectroscopy in the frequency range between 0.2 THz and 2.3 THz
was employed to probe the soft-mode behavior in the film on a c-sapphire substrate
(Figure 4.37). At room temperature the real permittivity &’ value of ~200 does not show
significant frequency dependence until ~2.0 THz when it starts to decrease, while the
imaginary permittivity &’ monotonously increases with the increasing frequency,
indicating the presence of the soft-mode (SM) resonance above the observable frequency
range. At lower temperatures the SM is characterized in the spectra by the temperature-
dependent &’ peak. The ¢’ does not saturate in the low-frequency range, instead it starts
to strongly increase at lower frequencies as the temperature decreases. This is evidence of
the onset of some additional relaxation, i.c., the central mode (CM), with its relaxation
frequency 7 s lying below the obtainable frequency range.

We have simultaneously fitted all the experimental data using the model of a linearly
coupled oscillator and Debye relaxation, describing the SM and CM, respectively:

f(l — ii) + g(w?y — w? —iwy) + 28,/fg

FCM

. )
(w2 — w2 — iwy) (1 - lm) — §2

e (w) = + €oo. (4.8)

In the above equation the SM is characterized with the temperature-dependent frequency
wsy, damping 7, and temperature-independent oscillator strength /'~ 1.3 x 10° cm™. The
temperature-independent relaxation frequency /¢y ~ 6 cm™ and temperature-dependent
strength g characterize the CM. The obtained coupling constant 5~ 27 cm™ was taken as



92 Results and Discussion

a constant at all temperatures. The &, describes the contribution of the higher-frequency
hard modes (TO2 and TO4) and of the electronic polarization. The agreement between
the fits and the experimental data are presented in Figure 4.37. The same procedure was
previously used to analyze the dielectric behavior around the paraelectric-ferroelectric
phase transition of epitaxial PLD-derived SrTiO; thin films on (110) DyScOs; substrates
[155,204].
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Figure 4.37: Real &'(w) and imaginary &”’(w) parts of the complex dielectric permittivity &'(e) of
the 4C KTaO; thin film on the c-sapphire substrate. The experimental data (symbols) at different
temperatures were obtained by transmission THz time-domain spectroscopy. Lines — fits to the
Equation (3.7).

To expand the frequency range to higher wavenumber values, the IR reflectance
spectra of the KTaOs thin film, as well as of the bare c-sapphire substrate, were recorded
at room temperature (Figure 4.38). Oscillations present in the low-frequency region of
both spectra are the consequence of the interference phenomena in the substrates. In
addition, some higher-wavelength oscillations can also be observed. These are most
probably arising from the non-ideal (0001) cut of the substrate. Reflection bands,
corresponding to the TO1 (SM), TO2 and TO4 polar modes, at approximately 82 cm™,
197 cm™ and 548 cm™, respectively, are nicely expressed in the spectrum of the film. The
wro; values are in agreement with the single-crystal [176] and ceramics data (Chapter
4.1.4)
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Figure 4.38: IR reflectivity spectra of the bare c-sapphire substrate and of the 4C KTaOs thin film
measured at 300 K. Approximate positions of the TO1 (SM), TO2 and TO4 polar modes are
marked with arrows. Spectra are displaced vertically for reason of clarity.

Oscillations associated with the interference phenomena in the substrates can also be
observed in the IR transmission spectra measured in the 300 K to 5 K temperature range
(Figure 4.39). The transmission is smaller at higher temperatures due to increased phonon
damping in the substrate. Broad minima in the spectra of the films correspond to the SM
and TO2 polar modes. At higher frequencies the substrate is too opaque to observe the
TO4 mode, while the CM frequency /¢y, detected in the THz measurements, lies below
the obtainable frequency range.

The transmission spectra of the substrate were fitted by a sum of the harmonic
oscillators using Fresnel formulas for the coherent transmission of a plane-parallel
sample, taking into account the interference effects. The thus obtained parameters of the
substrate were used for the fit of the KTaOs/c-sapphire two-layer system. Its complex
transmittance was computed by the transfer-matrix formalism method [205]. The fitting
was performed simultaneously with the THz transmission and MW data, using the model
of a coupled oscillator and Debye relaxation (Equation (4.8)) for the SM and CM,
respectively. The TO2 mode was treated as an independent damped harmonic oscillator
(Equation (10.2)). With the exception of the coupling ¢ between the SM and CM, and &,
which in this case takes into account only the contribution of the TO4 mode and the
electronic polarization (~6), all the common parameters were kept the same as in the
fitting procedure of the bare THz data only. An example of the agreement between the fit
and the IR experimental data obtained at 120 K is shown in Figure 4.40.
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Figure 4.39: IR transmission spectra of the a) bare c-sapphire substrate and b) the KTaO; thin film
at selected temperatures in the 300 K to 5 K range. Approximate positions of the SM and TO2
polar modes of the film are marked. Spectra are displaced vertically for reasons of clarity.
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Figure 4.40: Comparison of the experimental IR transmission spectrum of the KTaOj; thin film on
c-sapphire at 120 K with the fit.

Thus obtained &’ and &’ are plotted and compared to the MW data in Figure 4.41. The
resonances corresponding to the TO2 and SM modes, as well as the relaxation
corresponding to the CM, can be easily observed.

Temperature dependences of the selected fitting parameters, i.e., polar phonon
frequencies wro;, relaxation strength of the CM g and the coupling between the CM and
SM ¢, are plotted in Figure 4.42. The soft-mode frequency ws)s decreases on cooling from
85 cm™ to 51 cm™ in the temperature range from 300 K to ~60 K and increases afterwards
to the value of 56 cm™ at 5 K. Around ~60 K the CM strength g also becomes non-zero
and starts to increase with the decreasing temperature. This indicates that above this
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temperature the CM is “silent” and it linearly couples to the polarization below. This is
also the range where it significantly contributes to the permittivity &’ value (Figure 4.41).
The phenomenological coupling constant 6[206] decreases from the room-temperature
value of 24 cm™ to 22 cm™ at 5 K with the maximum value of 35 cm™ at 120 K.
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Figure 4.41: a) Real ¢’(w) and b) imaginary &’ ’(@) parts of the complex dielectric permittivity
&' (w) of the KTaO; thin films on c-sapphire calculated from the simultaneous fits of the IR, THz
and MW data. Approximate positions of the CM, SM and TO2 modes are marked. MW
experimental data are shown as symbols.

The above analysis shows the crossover between the displacive- and order-disorder-
type ferroelectric phase transitions in KTaOs thin films on a c-sapphire substrate, as
observed in many perovskite ferroelectrics, including BaTiO; (see Appendix). Even
though the CM might arise from the defects, recent models predicts its intrinsic origin in
the highly anharmonic form of the soft-mode potential [207].

In fact, very similar dynamics were observed in epitaxial (100) SrTiO; thin films
deposited by PLD on (110) DyScOs substrates. The films were under tensile epitaxial
strain, arising from the mismatch of the lattice parameters between the film and the
substrate (Chapter 1.1.3.3). The paraelectric-ferroelectric phase transition at ~270 K was
characterized by the simultaneous increase of the soft-mode frequency wsy, and central
mode relaxation strength g, with its frequency /¢y~ 10 em™ [155,204].

Using the IR spectroscopy, Zelezny et al. [119] evaluated the soft-mode behavior in
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1.2-um-thick polycrystalline KTaOs films on (100) Si substrates. They did not observe
the ferroelectric phase transition, instead the soft mode was found to be strongly stiffened
at low temperatures, with the wgy value at 10 K ~55 cm™. For comparison, in the single
crystals the soft mode softens to ~20 cm™ [122]. The possible origin of the induced
ferroelectricity in polycrystalline KTaOs thin films will be discussed in the following

chapter.
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Figure 4.42: Temperature dependences of a) asy, and @y, polar phonon frequencies, b) relaxation
strength g and coupling constant ¢ between SM and CM, obtained from the simultaneous fits of
the IR, THz transmission and MW data of the KTaO; thin film on the c-sapphire substrate. Lines
between the points are guides to the eye.

4.2.3 Summary

Perovskite KTaO; thin films were successfully prepared from the 24-h-refluxed sols
based on potassium acetate and transition metals in 2-methoxyethanol, containing 30 %
excess of potassium acetate. The 200-nm-thick films on alumina and c-sapphire substrates
were prepared by four deposition steps, each of them followed by heating at 900°C. The
slightly (100) preferentially oriented perovskite phase was attributed to the anisotropy of
the surface energies of different crystal faces. The TEM-EDXS analysis confirmed the
perovskite chemical composition through the thickness of the film on the alumina
substrate. The films have an in-plane grain size of ~160 nm.

A maximum was observed in the RF and MW dielectric permittivity at low
temperatures, which contradicts the incipient ferroelectricity of the polycrystalline KTaO;
thin films on the alumina substrate. Instead, the low-temperature ferroelectric phase was
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fingerprinted by the quasi-static polarization measurements. This ferroelectric phase
transition is rather diffuse and depends on the history of the sample.

The KTaOs thin film on the c-sapphire substrate shows qualitatively the same MW
dielectric behavior. At room temperature, the TOIl, TO2 and TO4 polar phonon
frequencies were revealed by the THz and IR spectroscopies, as expected for the Pm3m
cubic structure of KTaO;. However, by decreasing the temperature, the evidence for the
soft-mode-driven paraelectric-ferroelectric phase transition was revealed at ~60 K. In
addition, the partial order-disorder character of the transition was confirmed by the onset
of the central mode. It is silent in the paraelectric phase, while below the ferroelectric
transition temperature it becomes directly coupled to the polarization with a progressively
increasing bare strength.

In contrast to KTaOj single crystals and ceramics, where long-range ferroelectric order
is not established, the low-temperature ferroelectric state was detected by several
spectroscopic methods in polycrystalline KTaOs thin films. Discussion on its origin and a
comparison of the behavior of all three forms of KTaOs are the topics of the next chapter.
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4.3 Single Crystals — Ceramics — Polycrystalline Thin Films
Relations in KTaO;

As shown in Chapters 4.1 and 4.2 the KTaO; ceramics and polycrystalline thin films have
fundamentally different dielectric properties, the first exhibiting a low-temperature
quantum paraelectric state, while the long-range ferroelectric order was evidenced in the
films. A comparison of these properties with the literature data on single crystals and a
discussion on the origin of the observed behavior are the topics of this chapter.

The dielectric permittivity &’ and soft-mode frequency sy of the single crystal,
ceramic and the polycrystalline film on a c-sapphire substrate are compared in Figure
4.43. The single crystals and ceramics show classic incipient ferroelectric behavior: the
permittivity ¢’ increase and SM frequency sy decrease, both leveling off at low
temperatures due to quantum fluctuations. The & of the ceramics reaches the plateau
value of ~4000, which is not significantly lower than the single-crystal value of ~4500.
Also, the sy, values are comparable, having the 20 K value of 23 cm™.

On the other hand, the dielectric behavior of the polycrystalline film is remarkably
different. The broad permittivity ¢’ maximum, with the value of 1150, appears in the 40—
60 K temperature range, the same range where the soft-mode frequency wsys experiences
its minimum value of 51 cm™, indicating an SM-driven paraelectric-ferroelectric phase
transition.

In general, the differences in dielectric behavior of the ceramics and polycrystalline
thin films, as compared to single crystals, can arise from:

= Different stoichiometry and homogeneity state, as well as increased concentration
of the defects inside the crystal structure, associated with the completely different
experimental conditions during processing.
= Presence of grain boundaries and pores between (or within) the grains.
= Appearance of the layers with changed dielectric properties between both surfaces
of the film [14]:
e due to suppressed softness of the crystal lattice near both surfaces,
e due to the electrode-film interaction.
No matter of their origin, these layers behave as additional low-permittivity
capacitors connected in-series or in-parallel with the film in the case of the out-of-
plane or in-plane measurement, respectively. According to Tagantsev et al. [14]
the expected influence of these layers on the permittivity ¢’ value in the 200-nm-
thick film measured in the in-plane geometry is of the order of 1 %.
= Non-zero strain-state of thin films due to the presence of the substrates.

In the following discussion the two main influences will be considered in detail: the
presence of grain boundaries (and pores) and in the case of thin films the stress arising
from the presence of the substrate. However, since the processing issues can never be
completely avoided, the influence of the homogeneity and defects will be simultaneously
considered.
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Figure 4.43: Comparison of a) permittivity &’ and b) soft-mode frequency ws), of the KTaO;
single crystal, ceramic and polycrystalline thin film on a c-sapphire substrate. The respective
permittivities were measured at 100 Hz [20], 1 kHz (Figure 4.13a) and 16.2 GHz (Figure 4.36b)
The soft-mode frequencies were obtained from the fits of the IR and THz data, while the single-
crystal data were obtained from the hyper-Raman measurements in the x(yy)z scattering
configuration [122].i

4.3.1 Grain Boundaries and Pores

To account for the porosity, ceramics can be considered as a composite of single-crystal
grains and air, with the respective permittivities &'. and &'y;. The measured &'y can be
expressed by the combination of both, using different models depending on the shape of
the grains and the spatial distribution of the pores. Assuming spherical shapes and the
small porosity p, the famous Maxwell-Garnett formula can be employed [208]:

3p 3p 3E(I1ir£;c
! — 1 _ ) ! 2 4.
Eeff ( 2+p Esc t 2+p2+p)e, + (1 —p)es (4.9)

The above equation was employed to estimate the influence of the 2 % and 5 %
porosity on the permittivity value of KTaO; ceramics, using the single-crystal permittivity
values from Ref. [20] The result is compared to the experimental data in Figure 4.44.

iThe x, y, and z stand for cubic axes. The light polarized in y direction is send to the (100) cut sample in the x axis direction. Response
of the sample is measured in the z direction.
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Figure 4.44: Temperature dependence of the permittivity &’ of the KTaOs; single crystal (from
Salce et al. [20], 100 Hz) and ceramic (2C-HP, 1 kHz) compared to the effective permittivity of
the single-crystal—air composite calculated from Equation (4.9), assuming 2 % and 5 % porosity.

A profound influence of the porosity can be observed as a decrease of the effective
permittivity, which is most prominent at low temperatures. When the 5 % porosity is
taken into account, the low-temperature effective permittivity value is comparable to the
2C-HP ceramics, with the 95 % relative density. The temperature dependence of the
permittivity and soft-mode frequency and their values indicate a rather small influence of
grain boundaries on the macroscopic dielectric response of the KTaO; ceramics (grain
size in the approximate range from 0.1 pm to 5 um).

However, for the MW losses of the ceramics (Figure 4.15), which are partially of
extrinsic origin, frequency dispersions observed in the RF range (Figure 4.14), as well as
the first-order Raman scattering observed at low temperatures (Figure 4.22), indicate the
presence of symmetry-breaking defects inside the ceramics. They most probably arise
from Co and W determined by chemical analysis (Table 4.2), and from a rather large off-
stoichiometry within the grains was observed by the TEM-EDXS analysis. Further
investigations of smaller grain size ceramics by means of high-resolution transmission
electron microscopy and broadband dielectric spectroscopy are needed in order to
estimate the possible dielectric grain size effect in KTaOj; ceramics, i.e., identify the type
of the majority of defects, their spatial position and the structure of grain boundaries.

The in-plane grain size of dense KTaOs thin films is ~160 nm and their soft mode
becomes strongly stiffened compared to the single crystals below ~120 K. Strong
stiffening was also observed in the CSD-derived SrTiO; thin films, and was attributed to
the presence of grain boundaries and nano-crack type porosity (Chapter 1.1.3.3) [63].
Even if both effects were also to be present in our films, their contribution alone cannot
induce ferroelectricity.

4.3.2 Biaxial Stress

As discussed in Chapter 1.1.3.3 the incipient ferroelectrics are structurally rather unstable
and the ferroelectric phase can be induced in several ways, for instance doping. However,
the amount of the impurities in the powders prepared from the sols is below 60 ppm
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(Table 4.6), which is substantially below the amount that could induce the ferroelectricity
[22]. In addition, only K and Ta atoms were determined in KTaOs films on alumina by
the TEM-EDXS analysis, therefore unintentional Al-doping can be excluded as well.

Several theoretical investigations predict the ferroelectricity in the nano-sized incipient
ferroelectrics (Chapter 1.1.3.3) [43,44]. The characteristic dimensions of our films, i.e.,
thickness of 200 nm and in-plane grain size of 160 nm, are greater than the ones discussed
in the afore-mentioned predictions (up to 20 nm).

There is no epitaxial relationship between the KTaO; film and the alumina (or c-
sapphire) substrate. Possible strain existing in the films must therefore preferentially arise
on cooling from the crystallization temperature of 900°C, due to the difference between
both thermal expansion coefficients (Equation (1.13)). For the KTaOs and alumina the
thermal expansion coefficients « values are 6.3 x 10° K'[209]i and 8.2 x 10 K™'[139]3,
respectively. The Young’s modulus £ = 395 GPa and Poisson’s ratio v = 0.194 were
calculated from the single-crystal elastic constants [210]. The obtained e and Guerm
values at 60 K are -0.21 % and ~-1.0 GPa, respectively. Since the Al,O3 shows only small
anisotropy of the thermal expansion coefficients [211], a very similar situation is also
valid for the film on the c-sapphire substrate. In the case of the RF- and quasi-static-
measurements an additional stress contribution may arise from the presence of 120-nm-
thick-Au electrodes, which have a room-temperature o = 14.2 x 10° K! [212]. During the
measurement (on cooling), this can result in a gradient stress field with increasing
compressive value towards the upper surface of the film.

Even though the above analysis is only a rough approximation, it reveals that at low
temperatures the polycrystalline KTaOs films on alumina and c-sapphire are under a non-
negligible compressive strain. However, its magnitude is below the theoretically predicted
value of -1 %, which is expected to induce the out-of-plane ferroelectricity in coherently
strained (100)-oriented KTaOj5 thin films [42].

Nevertheless, the nature of the strain-induced ferroelectricity in thin films of incipient
ferroelectrics is rather complicated. As was discussed in recent reports, in the case of
SrTiO; films, the strain has a role of stabilizing the long-range order of the pre-existing
polar nano-regions, arising from the A-site off-stoichiometry (intentional or
unintentional). As shown in Chapter 4.1.1.2, potassium excess is needed to prepare phase-
pure perovskite KTaOs, indicating significant losses of potassium species upon high-
temperature heating. Even though the TEM-EDXS analysis revealed the stoichiometric
composition of the film on a corundum substrate after heating at 900°C (Figure 4.30),
some small amounts of the A-site deficiency, which are within the error of the method,
can be expected. These could form short-range polar entities within the film. Similar to
the SrTiO; thin films, a delicate interplay between these polar regions and strain might
also exist in the polycrystalline KTaOs films. However, further investigations by means
of high-resolution XRD, TEM and Raman investigations are needed to confirm this
speculation.

i0btained at room temperature.
liQbtained in 25-1000°C temperature range.
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4.4 KT30.6Nb0.403 Thin Films

We have shown in the preceding chapters that KTaO3; ceramics and thin films possess a
rich range of exciting phenomena. Still, their applicability in microwave devices
operating at room temperature is limited. Therefore, we have also studied CSD-derived
KTagsNby40; thin films, which should possess a high-enough permittivity to be
efficiently tuned at room temperature.

The present chapter begins with an investigation of the structural changes inside the
sols upon refluxing by the extended X-ray-absorption fine-structure spectroscopy
(EXAFS) in the neighborhood of both B-site transition metals, complemented by the IR
spectroscopy of the distillates.

The influence of the reflux time on the microstructure, phase composition and
dielectric properties of the films is presented in the second part. Analysis of the RF and
MW dielectric properties of the phase-pure KTaysNbj4O;3 thin films is described in the
last part. A possible origin of the dielectric behavior is discussed. A comparison of the
KTaOs and KTag¢Nbg 403 thin films brings the chapter to the end.

4.4.1 Preparation of the Films

4.4.1.1 Synthesis of the Sols

Stoichiometric KTag¢Nbg4O3 sols were prepared from the potassium acetate and
transition-metal ethoxides in 2-methoxyethanol (Chapter 3.1.2.1). After dissolution of the
starting compounds the sols were refluxed for different times, i.e., 1 h, 4 h, 24 h and 48h,
followed by a distillation to remove the by-products, and are further denoted as the
KTN1, KTN4, KTN24 and KTN48 sols, respectively.

4.4.1.1.1 EXAFS Spectra of the KTa¢Nby 403 Sols

We performed the EXAFS analysis of the KTN sols to determine structural differences in
the transition metals local environments after different reflux times. The Ta Ls-edge and
Nb K-edge EXAFS spectra (Figure 4.45) were analyzed with the IFEFFIT program
package [213]. Distinctive peaks in the Fourier transforms of the EXAFS spectra (Figure
4.46) are the contributions of the photoelectron backscattering on the near-neighbor shells
around the central atom, and represent the approximate radial distribution of the atoms
surrounding the transition-metal atom. A strong compound peak in the R range between 1
A and 2.4 A can be attributed to the nearest oxygen neighbors of the Ta or Nb atoms. Due
to a high signal-to-noise ratio, the contributions of the more distant Ta and Nb
coordination shells up to ~4 A can be clearly resolved in all the spectra. A qualitative
comparison of the spectra shows that there are no structural changes around the Ta atoms
in the sols after different reflux times (Figure 4.46a). On the other hand, significant
structural changes are indicated in the Nb environment in the nearest and more distant
coordination shells (Figure 4.46b).

The quantitative structural information of the local Ta and Nb neighborhood (type and
average number of neighbors, radii and Debye-Waller factors of neighboring shells) was
obtained by an EXAFS analysis in which the model EXAFS function was fitted to the
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measured EXAFS spectra. For this purpose, we constructed model EXAFS functions ab
initio, from a set of scattering paths of the photoelectron obtained in a tentative spatial
distribution of the neighbor atoms with the FEFF6 program code [214]. The atomic
species of the neighbors were identified in the fit by their specific scattering factors and
phase shifts. The model for Ta EXAFS comprised oxygen atoms in the first coordination
shell, and carbon and potassium atoms in more distant shells. An additional shell of Nb
neighbors had to be introduced for the Nb EXAFS spectra.

a) Ta EXAFS|| b) Nb EXAFS|

40

k [A] k[A]

Figure 4.45: The k’-weighted a) Ta and b) Nb EXAFS spectra of the KTN1, KTN4, KTN24 and
KTN48 sols (dots) in comparison with the best-fit EXAFS model (solid lines).
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Figure 4.46: Fourier transforms of the k’-weighted a) Ta and b) Nb EXAFS spectra of KTN1,
KTN4, KTN24 and KTN48 sols from Fig. 1, calculated in the k-range from 3 A'to 15 A for Ta,
and from 4 A™' to 15 A" for Nb EXAFS spectra. Dots — experiment; solid lines — best-fit EXAFS
model.

We introduced three variable parameters for each shell of neighbors: the shell
coordination number (N), the distance (R) and the Debye-Waller factor (¢°). In addition,
the common shift of the energy origin, 4E), was allowed to vary. The amplitude reduction
factor S,” was fixed to 0.99 for the Ta and to 0.80[215] for the Nb EXAFS spectra. For
the Ta spectra, the fitting was performed in the & range from 3.0 A to 15 A™, and the R
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range from 1.1 A to 3.8 A and for the Nb spectra in the k range of 4.0 A to 15 A™, and
the R range from 1.2 A to 3.9 A.

To minimize the relatively large uncertainties of the coordination numbers and the
Debye-Waller factor, due to high correlations between these parameters in the fit of each
individual spectrum, a simultaneous fit of all Ta spectra, and separately a simultaneous fit
of all Nb EXAFS spectra were performed. In the simultaneous relaxation, some of the
parameters within the group of the spectra were constrained to common values, in
particular, for Ta spectra, the common energy shift 4E), the interatomic distances of the
corresponding shells of neighbors and the corresponding Debye-Waller factors, except for
the parameters of the nearest oxygen shell. In the fit of the Nb EXAFS spectra,
constraining all these common parameters to the same value for all of the spectra would
represent a too rigid model, which could not adequately describe all of the structural
differences that appeared for the Nb neighborhood after different reflux times. In this
manner 26 active parameters of the model against 80 independent points were obtained
for the fit of the Ta spectra and 41 active parameters against 74 independent points for the
Nb spectra.

A complete list of the best-fit parameters for all of the samples is given in Table 4.7
and Table 4.8. The quality of the fits is illustrated in Figure 4.45 and Figure 4.46.

Table 4.7: Parameters of the nearest coordination shells around the Ta in KTay¢Nbg4O; sols after
different reflux times: atomic species, average number of the atomic species N, distance » and
Debye-Waller factor o°. The uncertainty of the last digit is given in parentheses.

Sol  Neighbor atom N r [A] &’[A%]

0 5.1(1) 1.956(2) 0.0044(2)
0 1 236(2) 0.011Q)
KTN1 C 52(7) 3.117(5) 0.006(1)
K 1 3.59(1) 0.0041(7)
C 17(2)  3.722(7)  0.014(2)
0 51(3) 1.956(2) 0.0044(2)
0 1 236(2) 0.011(2)
KTN4 C 5(1)  3.117(5) 0.006(1)
K 1 3.59(1) 0.0041(7)
C 17(4) 3.722(7)  0.014(2)
0 54(2) 1.964(2) 0.0045(3)
0 1 236(2) 0.011Q)
KTN24 C 5(1)  3.117(5)  0.006(1)
K 1 3.59(1) 0.0041(7)
C 18(3) 3.722(7) 0.014(2)
0 54(2) 1.964(2) 0.0036(2)
0 1 236(2) 0.011(2)
KTN48 C 5(1)  3.117(5)  0.006(1)
K 1 3.59(1) 0.0041(7)
C 18(3) 3.722(7) 0.014(2)
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Table 4.8: Parameters of the nearest coordination shells around the Nb in KTaq ¢Nb 405 sols after
different reflux times: atomic species, average number of the atomic species N, distance r and
Debye-Waller factor o”. The uncertainty of the last digit is given in parentheses.

Sol  Neighbor atom N r [A] o’[A7]

0 24(3) 1.897(4) 0.0032(6)
0 1.0 226(2) 0.008(2)
0 2.53) 2.51(1)  0.011(2)
KTNI C 4(1)  3.101(6)  0.006
C 82) 3.37(1)  0.008
K 0.5  3.60(1) 0.0018(5)
Nb 12(2) 3.83(1)  0.006
C 73)  4.122) 0.1
0 27(2) 1.922(4) 0.0034(4)
0 1.0 226(2) 0.008(2)
0 23(2) 251(1)  0.011(2)
C 41)  3.101(6)  0.006
KTN4 C 8(1) 3.37(1)  0.008
K 0.75  3.60(1) 0.0018(5)
Nb 1.12) 3.83(1)  0.006
C 6(2) 4122 0.1
0 2.4(4) 1.913(6) 0.005(1)
0 1.0 226(2) 0.008(2)
0 2.6(4) 2.51(1)  0.009(1)
C 4(1)  3.101(6)  0.006
KTN24 C 82) 3.35(1)  0.007
K 1.0 3.60(1) 0.0018(5)
Nb 1.6(3) 3.83(1)  0.006
C 72)  4.122) 001
0 24(2) 1.946(4) 0.0046(5)
0 1.0 226(2) 0.008(2)
0 2.6(2) 2.51(1)  0.009(1)
C 40(7) 3.101(6)  0.006
KTN43 C 8(1) 3.35(1)  0.007
K 1.0 3.60(1) 0.0018(5)
Nb 1.42) 3.83(1)  0.006
C 8(1) 4.122) 001

4.4.1.1.2 Ta and Nb Local Environments

In all KTN sols the Ta atom is octahedrally coordinated by O atoms, as also found in
other studies of Ta-alkoxides [100,102]. Five O atoms are located at 1.956 A in the KTN1
and KTN4 sols and at a slightly larger distance, i.e., 1.964 A, after long reflux times.
There is an additional contribution of O atoms at 2.36 A in all cases. Despite the
simultaneous fit, the correlation between average occupation number N and Debye-Waller
factor o” of this neighbor shell remained high; therefore N was set to one to obtain the
coordination number of six. In more distant shells, one K atom is detected at a distance of
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3.59 A in all the sols. Ta-O-K bonds are clearly established by the results of the analysis.

Two shells of carbon atoms, one at 3.12 A and one broad shell at 3.72 A are ascribed
to the different organic groups bonded to the Ta. The relatively large uncertainty in the
number of C atoms is a consequence of the highly correlated N and ¢° in the fit. The
unrealistically large number of carbon atoms at 3.72 A is a consequence of the
approximation in the EXAFS model, which described the signal at these distances with a
single broad shell of carbon atoms. The models including Ta and/or Nb atoms in the
second shell were also tested, but the existence of Ta-O-Ta or Ta-O-Nb correlations was
excluded by the fit.

In the Nb local environment, the first coordination shell is populated with
approximately six O atoms at three different distances. In the KTNI1 sol, approximately
three O atoms are present at 1.897 A. Their distance from the central atom varies with the
reflux time and reaches 1.946 A in the KTN48 sol. One O atom is located at 2.26 A in all
cases. The number was not allowed to vary because of the high correlation with the
Debye-Waller factor. Approximately two O atoms are present in all the sols at 2.51 A.
Their value was tied to the number of O atoms at closer distances to keep the total
coordination number of six, as typical for niobium alkoxides [100,102].

Potassium was identified in all the sols at about 3.60 A. The average number of K
atoms could be determined only with a rather large uncertainty, but a gradual increase of
the number of K neighbors with increasing the reflux time to 24 h was detected
unambiguously. Approximately one Nb atom has been determined at 3.83 A. The average
number of Nb neighbors increases slightly with the reflux time. Again, the Nb-O-Ta
correlations were excluded by the fit. Several C atoms were also identified in the Nb
neighborhood at three significantly different distances in the range from 3.10 A to 4.12 A.
They can be ascribed to different organic groups bonded to Nb.

4.4.1.1.3 Local Structure and Reactions in the Sols upon Refluxing

The nearest neighborhood of both Ta and Nb consists of six O atoms. The closest O
atoms belong to the terminal alkoxide groups, which can be either ethoxide and/or 2-
methoxyethoxide, as a product of the transalcoholysis reaction (Equation (1.19)), which
takes place already at room temperature [101]. However, according to Sedlar and Sayer
[216] the transalcoholysis reaction of Nb-ethoxide is not completed at room temperature;
therefore, the reaction could proceed also during refluxing, which is in agreement with the
observed change of the Nb-O distance from 1.897 A to 1.946 A with increasing reflux
time. The Ta-O distances did not change significantly at longer reflux times. The solvent
could coordinatively bond to Nb via its hydroxy or ether groups (Figure 1.13) [101].

The Nb neighborhood is populated with at least one Nb atom at 3.83 A, which
indicates the dimeric structure of the Nb species (Figure 1.12) [102]. A slight increase of
the number of Nb-neighbors with increasing reflux time could be explained by thermally
activated segregation, resulting in the formation of polynuclear oxoalkoxides [101]. In
contrast, Ta alkoxide keeps its monomeric structure in all the sols.

The K atoms were identified in the more distant shells of both TMs in all the sols. In
the case of Ta, the number of K neighbors does not change with the reflux time and can
be set to 1. In contrast, in the Nb environment, the number of K atoms gradually increases
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from 0.5 to 1.0 in the KTNI1 and KTN24 sols. So, a longer reflux time favors the
formation of Nb-O-K bonds.

Potassium can bond to the TM via oxo or acetate bridges, formed by the ester-
elimination reaction (Equation (4.10)) or by the addition reaction (Equation (4.11)),
respectively [101]:

KOOCH; + TM(OR)s » K — 0 — TM(OR), + ROOCH; (4.10)

KOOCH; + TM(OR)s » KOOCH5;- TM(OR)s, (4.11)

where R can be either the ethoxide (OCH,CH3) or 2-mehoxyethoxide (OCH,CH,0CH;)
group. Both equations are simplified and shown for monomeric species.

The infrared (IR) spectra of the distillates and 2-methoxyethanol were recorded and in
the majority of the wavelength range they are identical. However, an absorption band at
1740 cm™, which is not present in the spectrum of the solvent, appears in the spectra of
the distillates (Figure 4.47). Its intensity gradually increases from the KTNI to the
KTN24 and KTN 48 spectra. It is characteristic for the stretching vibration of the C=0
bond in esters. Additional bands, characteristic for the stretching vibrations of the C—-O-C
ester bonds, should also be present, but the response of the 2-methoxyethanol, which is
the main component in the distillates, prevails in the 1300-1000 cm™ range. The result
confirms the esterification reaction (Equation (4.10)); however, the simultaneous onset of
the addition reaction cannot be omitted also. In the 2-methoxyethanol route of the PZT
system both reactions have been confirmed, resulting in a precursor consisting of oxo,
alkoxo and acetate groups [217].

KTN48

Transmitance [a. u.]

2200 2000 1800 1600

Wavenumber [cm'1]

Figure 4.47: IR spectra of the KTN1, KTN4, KTN24 and KTN48 distillates. For comparison, a
spectrum of the 2-methoxyethanol (2-MOE) is also shown. The dashed line stresses the presence
of the absorption band at 1740 cm™ in all distillates’ spectra. Spectra are displaced vertically for
reasons of clarity.

As a summary, the local environment of Ta atoms is almost independent of the reflux
time; it is coordinated by six oxygen atoms in the first shell and a potassium atom in the
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second shell of neighbors. There are no Ta-O-Ta or Ta-O-Nb correlations present in the
sols. In contrast, the Nb local environment changes with reflux time. After 1 h of reflux,
Nb is present in the form of dimers and the number of Nb neighbors slightly increases
with the reflux time. The Nb-O-K correlations were confirmed already after 1 h; however,
a steady state was established only after 24 h of reflux.

4.4.1.2 Thermal Decomposition of the Dried Sols

The 1-h- and 24-h-refluxed sols (KTN1 and KTN24) were selected for further
investigations. Prior to the thermal analysis the sols were dried at 60°C for at least 12 h.
The analyses were performed in a flowing air atmosphere (Chapter 3.2.1).

The TG curves of both powders are compared in Figure 4.48. From 25°C to 755°C the
KTN1 and KTN24 dried sols lose 22.4 % and 20.8 % of the starting mass, respectively.
The mass loss of both powders can be divided into three approximate intervals: 25—
200°C, 200-570°C and 570-755°C. The main differences between the two arise in the
first two intervals, in which the KTN1 powder loses 4.8 % and 15.2 %, respectively. The
respective relative mass losses of the KTN24 powder are 6.9 % and 11.2 %. Both
powders lose approximately 2.5 % of the starting mass in the last interval. The process of
mass loss is not completely finished even at 755°C.

Differences can also be observed in the DTG curves, shown in the inset of Figure 4.48.
Several minima are distinguished in the KTN24 curve (see Figure 4.49 for details) at
105°C, 262°C (the strongest), 353°C, 530°C, 609°C and 655°C. In the case of the KTNI
sol the strongest minimum is present at a slightly higher temperature, i.e., 270°C and is
also much broader.
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Figure 4.48: Comparison of the TG curves of the KTN1 and KTN24 stoichiometric KTag ¢Nbg4O;
sols after drying at 60°C. The DTG curves of both sols are compared in the inset.

In Figure 4.49 the detailed TG and DTG, as well as the DTA and EGA, curves of the
KTN24 sols after drying are presented. The first interval is characterized by a broad endo-
peak in the DTA curve at ~117°C, accompanied by a maximum in the EGA curve
corresponding to the H>O (mass fragment 18). In the second interval a strong exothermic
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peak at 270°C and a shoulder at 360°C are present in the DTA curve. In the same
temperature range the H,O and CO, (mass fragment 44) are evolving. In the last mass
loss interval two small exo-DTA peaks are present at 604°C and 667°C. Both are
accompanied by the evolving CO; and, to minor extent, also HyO. The XRD pattern of
the powder after the analysis revealed the presence of the perovskite, as the main, and
pyrochlore, as the secondary phase in both the KTN1 and KTN24 powders (Figure 4.50).
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Figure 4.49: a) TG and DTG, b) DTA and ¢) EGA curves of the 24-h-refluxed stoichiometric
KTag¢Nbp 405 sol after drying at 60°C. Positions of the strongest maxima and minima in the

curves are denoted.

In the first temperature interval the main mechanism of the mass loss is the
evaporation of the adsorbed H,O and probably also residues of the 2-methoxyethanol,
both being endothermic events. Between 200°C and 570°C, where the mass loss is the
largest, the thermal decomposition of the organic, predominantly alkoxide (Equations
(4.1) and (4.2)), groups occur, which is in the presence of O, a strongly exothermic
process. The process is mainly accomplished at ~350°C; however, the proceeding
evolution of H,O and CO; are indicating further decomposition of the organic and carbon
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residues [187]. If the acetate groups are still present in the sols, their decomposition
through a carbonate phase could also take place in the second temperature interval
(Equation (4.3)). The main difference between the thermal decompositions of the KTNI
and KTN24 sols was observed in this range (Figure 4.48), indicating the different
structure of the organic species in both sols.

The overlapping exothermic peaks between 570°C and 755°C are associated with the
crystallization process. According to the literature, the first one most probably
corresponds to the pyrochlore, and the second one to the perovskite phase. [103] Both are
overlapping with the decomposition of the organic and carbon residues.
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Figure 4.50: XRD patterns of the KTN1 and KTN24 KTaysNb,4O; powders after the thermal
analysis. P-perovskite phase [142]; Py-pyrochlore phase [164].

4.4.1.3 Phase Composition and Microstructure of the Films

The 1-h- and 24-h-refluxed sols were chosen for the preparation of the films on
alumina substrates. After spin-coating the films were pyrolyzed at 350°C and the
procedure was repeated four times to increase the thickness. Final annealing was
performed for 15 min in the RTA furnace (Chapter 3.1.2.3).

XRD patterns of the films prepared from the 1-h-refluxed stoichiometric sols are
shown in Figure 4.51a. Peaks corresponding to the perovskite, pyrochlore and some
unidentified phase can be observed after heating at 700°C. The relative intensity of the
perovskite peaks gradually increases with increasing heating temperature; however, even
after 900°C traces of pyrochlore and unidentified phase are still present in the films. The
films were also prepared from the sols with added 10 % excess of potassium acetate
(Figure 4.52b). The phase composition of the KTNI1-10 films after heating at 700°C,
800°C and 900°C is qualitatively the same as in KTN1 films, consisting of the perovskite,
pyrochlore, and at least one unidentified phase.
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Figure 4.51: XRD patterns of the KTaysNbg4O; thin films on alumina substrates prepared from
the 1-h-refluxed a) stoichiometric sols and b) from the sols with 10 % excess of the potassium
excess (b). After four depositions final annealing was performed for 15 min at 700°C, 800°C, or
900°C. Pattern of the alumina substrate is also shown. P — perovskite phase [142]; Py —
pyrochlore phase [164]; X — unidentified peaks.

The films were also prepared from the 24-h-refluxed sols and the XRD patterns after
heating at 700°C, 800°C and 900°C are shown in Figure 4.52. Again, the films prepared
from the stoichiometric sols are composed of perovskite, pyrochlore and at least one
secondary phase after heating at 700°C, 800°C, or 900°C. The KTN24-10 films, prepared
from the sols with 10 % excess of potassium acetate, show a multi-phased composition
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after heating at 700°C and 800°C as well; however, they are single-phase cubic
perovskites according the XRD analysis after heating at 900°C (Figure 4.52b).
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Figure 4.52: XRD patterns of the KTaycNby 405 thin films on alumina substrates prepared from
the a) 24-h-refluxed stoichiometric sols and b) from the sols with 10 % excess of the potassium
excess. After four depositions final annealing was performed for 15 min at 700°C, 800°C, or
900°C. Pattern of the alumina substrate is also shown. P — perovskite phase [142]; Py —
pyrochlore phase [164]; X — unidentified peaks.

Similar to the KTaOs, also the KTay¢Nbg 405 films have the tendency to crystallize in
the (100) preferentially oriented perovskite phase. The Lotgering factor fs09 (Equation
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(4.4)), calculated in the 5-60° 268 range of the KTN24-10 film after heating at 900°C, is
ranging from 0 to 0.3 (evaluated in 5 different samples). The tendency for the (100)-
oriented perovskite phase can be explained by the lowest surface energy of the (100)
crystal face (Chapter 4.2.1.2).

KTN1-10 KTN24-10

Aluminas

Figure 4.53: a), b), ¢) and d) plane-view and e), ) cross-section view FE-SEM micrographs of the
KTN1-10 (a), ¢), e)) and KTN24-10 (b), d), f)) KTa¢Nby4O; thin films on the alumina substrates
after heating at 900°C. The films were prepared from the 1-h- and 24-h-refluxed sols,
respectively, containing 10 % of the potassium acetate excess.

Microstructures of the KTN1-10 and KTN24-10 thin films after heating at 900°C,
prepared from the 1-h- and 24-h-refluxed sols, respectively, are compared in Figure 4.53.
The plane-view microstructure of the KTN1-10 thin films is heterogeneous, consisting of
the fine-grained (~10 nm) dense regions and porous coarse-grained (above 100 nm)
regions. The surface of the KTN-24 thin film is much more homogeneous, consisting of
the regions with different grain orientations, having a size of approximately 70 nm, as
obtained from the lineal analysis. The cross-section micrographs reveal 220-nm- and 240-
nm-thick KTN1-10 and KTN-24, respectively, but in the first case the thickness can be
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quite non-uniform due to the heterogeneous microstructure.

The coexistence of perovskite and pyrochlore phases in the KTag¢Nbg4Os3 thin films,
prepared from the 1-h-refluxed sols, and their heterogeneous microstructure is in
agreement with the literature reports on the CSD-processing of the K(Ta,Nb)Os films on
substrates that exhibit no structural matching (Chapter 1.2.3.2) [106,111,113,114]. Even
though the RTA process was used, the pyrochlore phase is always present in the films.
However, by prolonging the reflux time to 24 h, the phase-pure KTag¢Nbg4O; films
homogeneous microstructures were successfully prepared after heating at 900°C. From
the results of the EXAFS analysis of the sols it follows that the formation of the
bimetallic species between potassium and both transition metals is directly related to the
enhanced crystallization on the alumina substrates.

4.4.2 Radio-Frequency and Microwave Dielectric Properties

The room-temperature dielectric properties of the KTNI1-10 and KTN24-10
KTag¢Nbg 403 thin films, prepared from the 1-h- and 24-h-refluxed sols, respectively,
after heating at 900°C, were analyzed. RF-range measurements were performed in the
planar capacitor structure (Figure 3.4), while the electrode-less split-post dielectric
resonator method was used for the MW characterization. The KTN1-10 thin film has the
room-temperature permittivity &” at 1-MHz value of 860, which decreases with increasing
frequency to 360 at 14.5 GHz. The respective dielectric losses tand values are 0.01 and
0.34 (Table 4.9). A similar frequency dependence of the dielectric properties can be
observed also for the KTN24-10 films, with significantly higher permittivity values,
decreasing from 2200 at 1 MHz to 610 at 14.5 GHz.

Table 4.9: Room-temperature dielectric permittivity ¢’ and losses tano of the KTNI1-10 and
KTN24-10 KTaggNbg4O; thin films after heating at 900°C, measured in the RF and MW
frequency range.

Frequency
Film I MHz 73GHz 99GHz 14.5GHz
’ 860 440 380 360
KTN1-10 ¢
tand 0.01 0.25 0.31 0.34
? 2200 730 670 610
KTN24-10 ¢
tand 0.08 0.28 0.34 0.37

The response of the normalized permittivity &’(Epc)/e’(0) on the applied bias field Epc
of the KTN1-10 and KTN24-10 films is shown in Figure 4.54. In the case of the KTNI-
10 films the permittivity decreases to 41 % of the starting value, at the applied filed of
100 kV/cm. A much steeper decrease of the permittivity with increasing Epc is observed
for the KTN24-10 film. The tunability n (Equation (1.4)) of the KTNI1-10 film is 2.5 (92
kV/cm), and of the KTN24-10 film is 3.8 (100 kV/cm). For comparison, taking the 1
MHz room-temperature permittivity value of KTag¢Nby4O; ceramics 2880 and its non-
linear coefficient #=3 x 10° J C* m’, by using the Equation (1.7) one gets the tunability
n value of 5.1 at the applied field 100 kV /em. However, to apply such fields in the
ceramics, extremely high voltages, of the order of several kV, are needed, while only 30
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V were applied in the case of KTag ¢Nbg4O3 film.
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Figure 4.54: DC electric field Epc dependence of the normalized dielectric permittivity & (Epc)/
£’(0) of the KTNI1-10 and KTN24-10 KTaycNbg4O; thin films after heating at 900°C (voltage
cycle: 0 V> +30 V> 0V — -30 V — 0 V). The measurements were performed at room
temperature and 1 MHz. Lines between the experimental points are guides to the eye. The probing
AC field was 1 kV/cm.

The dielectric properties of the phase-pure KTN24-10 KTag¢Nbg 405 thin films were
analyzed in detail. The temperature dependence of the real ¢’ and imaginary ¢’ parts of
the complex permittivity in the frequency range from 3 kHz to 1 MHz are shown in
Figure 4.55. A relaxor-like broad dispersive dielectric maximum can be observed,
consistent with the measurements performed on the KTN ceramics (Chapter 1.2.2)
[90,91]. The maximum of the permittivity &’ at 10 kHz, equal to 2600, is at 270 K, which
is lower than the value of ~300 K, which is expected from the single-crystal studies [66].
The maximum of the permittivity & is due to a dynamic process, typical for relaxor
materials (Chapter 1.1.1), while the paraelectric-ferroelectric phase transition could be
expected as low as ~170 K, where a shoulder of the &’ can be observed. The origin of the
third broad maximum of the £’ below 100 K, denoted by an arrow in Figure 1, cannot be
explained at present.

The permittivity &’, measured at 14.5 GHz, reaches the maximum at 340 K, as shown
in Figure 4.56. The dielectric losses tand are approximately constant from 235 K to 298 K
with a value of 0.52, then they start to decrease, reaching 0.29 at 358 K.

The temperature dependence of the characteristic relaxation frequency, obtained from
the peaks of the permittivity ¢’ was further analyzed in order to confirm the relaxor-like
behavior of the KTag¢Nb4Oj3 thin films (Figure 4.57). The experimental data follow the
Vogel-Fulcher law (Equation (1.1)), and the obtained attempt frequency fj, activation
energy E, and the freezing temperature 7y are 116 x 10'* Hz, 86 meV and 227 K,
respectively. The respective Vogel-Fulcher parameters reported for the 0.9 PMN — 0.1PT
relaxor ceramics are 1.03 x 10'? Hz, 40 meV and 291.5 K [8].
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Figure 4.55: Temperature dependence of the real &' and imaginary &’ parts of the complex
dielectric permittivity & of the KTN24-10 KTag¢Nby4O; thin film after heating at 900°C,
measured in the 3 kHz to 1 MHz frequency range. The probing AC field was 3.3 kV/cm.
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Figure 4.56: Temperature dependence of the permittivity &’ and dielectric losses tand of the
KTN24-10 KTag¢Nby 405 thin film after heating at 900°C, measured at 14.5 GHz. Lines through
the experimental points are guides to the eye only.

The room-temperature values of the permittivity ¢’ and dielectric losses tano,
measured at 7.3 GHz are 730 and 0.33, respectively. The frequency dependence of
dielectric properties is shown in Figure 4.58. As expected from the relaxor-like dielectric
properties behavior in Figure 4.56, the permittivity is decreasing with increasing
frequency from 2430 to 590, measured at 10 kHz and 14.5 GHz, respectively. An increase
in the dielectric losses value from 0.09 to 0.52, measured at 1 MHz and 14.5 GHz,
respectively, can be attributed to the polydispersive nature of the relaxation, which is
typical for relaxors. A very similar broadband frequency dependence of the permittivity
and losses, which depends also on the temperature, was observed in the PMN single
crystals [3].
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Figure 4.57: Vogel-Fulcher fit of the real permittivity & of the KTN24-10 KTag¢Nbg4O; thin
films after heating at 900°C.
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Figure 4.58: Frequency dependence of the permittivity &’ and dielectric losses tano of the KTN24-
10 KTagcNb 405 thin films after heating at 900°C measured at room temperature. Lines between
the experimental points are guides to the eye.

4.4.2.1 Discussion on Processing — Dielectric Properties Relations in
KT30.6Nb0_403 Films

The KTN24-10 films, prepared from the 24-h-refluxed sols, show increased permittivity
and tunability values, as compared to the KTN1-10 films (Table 4.9). We attribute the
enhancement to the single-phase composition and the dense, as well as more
homogeneous, microstructure.

A similar relation between the reflux time of the sols and the permittivity &’ value was
observed in PMN thin films prepared from the 2-methoxyethanol-based sols using lead
and magnesium acetate, and niobium ethoxide as the metal sources [218]. The authors
observed the promoted formation of Mg-O-Nb bonds in the sols upon refluxing and
correlated it to the increased permittivity value of the films prepared from the sols
refluxed for 48 h. In our case, the permittivity increase in the films prepared from the 24-
h-refluxed sols is directly related to the formation of the bimetallic species between
potassium and both transition metals, as evidenced by EXAFS (Chapter 4.4.1.1.1).

However, the RF and MW studies of the dielectric properties revealed relaxor-like
behavior of polycrystalline KTag¢Nby4O3 thin films. Even though an RF-dispersion was
observed in the KTN single crystals with small concentration of Nb (i.e., KTag.97Nbg ¢303)
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[219], in more Nb-rich single-crystal compositions, such as KTag7Nby303; and
KTa sNbysO; [220], the RF-permittivity does not exhibit relaxor-like behavior [27]. On
the other hand, similar behavior was observed in the K(Ta,Nb)Os3 ceramics [90,91] and
was attributed to the presence of a thermally fluctuating local polarization, possibly due to
the presence of charged defects arising from potassium or oxygen vacancies and to the
inhomogeneous distribution of the Ta and Nb. Recent results on strained and strain-free
PLD- and MBE-derived SrTiOj; thin films with thicknesses up to 1 um have shown that
even minute amounts of the A-site off-stoichiometry may result in relaxor thin-film
behavior [57,135]. Since the necessity of the addition of 10 % excess of potassium acetate
in the sols to prepare single-phase KTa¢Nby4O; films indicates some losses of potassium
species upon heating, small deviations from the stoichiometry cannot be overruled.

Generally BST thin films do not show relaxor-like frequency dependence of dielectric
properties.[13,14] However, Tyunina and co-workers [221,222] reported on strongly
frequency dependent dielectric behavior of PLD-derived BST films, deduced from the
RF-range studies. The films of various compositions, thicknesses and microstructures
were studied and the relaxor-like state was always confirmed. The exact origin of this
behavior is not clear.

Note that the PLD-derived KTag¢Nbg4O3 thin films on several substrates did not
exhibit relaxor-like properties in the 640 GHz frequency range (Chapter 1.2.3.3)[133].
However, the existence of some local polar fluctuations above the Curie point were later
determined in the 300-nm-thick epitaxial KTagsNbg 3503 and KTag 50Nbg 5003 thin films
on (100) LaAlOs and (100) MgO substrates using Raman spectroscopy [135].

According to the EXAFS investigation of the KTay¢Nby4O3 sols, the Ta- and Nb-
species are stable as monomers and dimers, respectively. On prolonged refluxing, the
number of Nb neighbors around the Nb slightly increases, which can be explained by
thermally activated segregation. As consequence the KTag¢Nby4Os sol, after 24 h of
reflux, is heterogeneous on the molecular level and according to the study of Xu et al.
[85] these heterogeneities remain in the material also after high-temperature heating.
Therefore, we believe that the main contribution to the relaxor-like properties of our films
arises from the compositional deviations, i.e., heterogeneous distribution of the Ta and Nb
atoms.

4.4.3 Summary

EXAFS analyses of the stoichiometric KTag¢Nbyp4Os sols revealed that the local
environment of Ta atoms is almost independent of the reflux time; it is coordinated by six
oxygen atoms in the first shell and a potassium atom in the second shell of neighbors.
There are no Ta-O-Ta or Ta-O-Nb correlations present in the sols.

In contrast, the Nb local environment changes with reflux time. After 1 h of reflux, Nb
is present in the form of dimers and the number of Nb neighbors slightly increases with
the reflux time. The Nb-O-K correlations were confirmed already after 1 h; however, a
steady state was established only after 24 h of reflux.

The phase composition, microstructure and dielectric properties of the films on the
alumina substrates are strongly dependent on the reflux time of the solutions. The single
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phase perovskite thin films were obtained only from the 24-h-refluxed solutions and upon
heating at 900°C, while the films prepared from the 1-h-refluxed solutions had multi-
phase composition and heterogeneous microstructures. Enhancement of the crystallization
behavior is directly related to the formation of bimetallic species between potassium and
both transition metals inside the sols. The preferred (100) orientation of the perovskite
phase was attributed to the anisotropy of the surface energies of different crystallographic
faces.

The improved microstructural and compositional homogeneity is also attributed to the
enhanced dielectric properties. The 1-MHz room-temperature values of the dielectric
permittivity ¢’ and tunability n of the films increase from 860 and 2.5, respectively, for
the films prepared from the 1-h-refluxed solutions, to 2200 and 3.8, for the films,
prepared from the 24-h-refluxed solutions.

Dielectric properties of the phase-pure KTag¢Nby4O; thin films from 24-h-refluxed
sols were analyzed in detail. The relaxor-like dielectric properties were confirmed by
fitting the experimental data to the Vogel-Fulcher law. The room-temperature value of the
permittivity decreases from 2430 to 590 and the dielectric losses increase from 0.08 to
0.52 in the frequency range from 10 kHz to 14.5 GHz. The observed behavior was
correlated to the thermally activated segregation of the Nb-species inside the sol during
the reflux, resulting in the heterogeneous distribution of Ta and Nb atoms.
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S5 Summary, Conclusions and Future Prospects

An archetypal incipient ferroelectric KTaOs; was studied in the form of ceramics and
polycrystalline thin films. The ceramics were prepared by the solid-state synthesis and the
thin films were processed by the chemical solution deposition on polycrystalline alumina
and c-sapphire substrates. Their broadband dielectric properties were measured and the
lattice dynamics were evaluated. They showed fundamentally different dielectric
behavior. KTaOs ceramics are typical incipient ferroelectrics with a negligible influence
of the grain boundaries on the dielectric response. On the other hand, the low-temperature
ferroelectric state is induced in thin films. Both behaviors have been observed for the first
time.

In addition, the KTag¢Nby4O3 thin films on polycrystalline alumina substrates were
prepared by chemical solution deposition and their dielectric properties were investigated.
Differently from the single crystals, the films show relaxor-like dielectric behavior in the
radio- and microwave-frequency ranges.

The main conclusions are summarized in the chapters below. In addition, future
activates are proposed.

5.1 KTaO; Ceramics and Thin Films

KTaOs; powders were obtained after calcination of the partially amorphous
mechanochemically activated K,CO3-Ta;Os powder mixtures at 800°C. According to
XRD the powders were single-phase perovskites; however, analytical TEM analysis
revealed the existence of K- and Ta-rich nanoparticles attached to the micron-sized
particles. An additional calcination at 800°C was implemented to enhance the
homogeneity of the powders.

Sintering of the single-calcined powder compacts at 1325°C in an oxygen atmosphere
resulted in ceramics with an 85 % relative density, which is among the highest values
reported for stoichiometric KTaO; ceramics; however, the sublimation of potassium oxide
led to the formation of a K¢Taj3030 secondary phase. Phase-pure ceramics with relative
densities above 95 % were obtained by hot pressing the powder compacts at 1250°C. The
hot pressing at by 75 K lower temperature, as compared to the atmosphere sintering,
effectively contributed to the enhanced densification of the KTaOs; ceramic and
simultaneously also to the reduced sublimation of potassium oxide. All the ceramics
showed bimodal grain size distributions though the size of the grains and their distribution
varied. In the case of the hot pressed ceramic, prepared from double-calcined powders,
the larger grains could exceed the size of ~3 pum, while the smaller grains, which were
located inside the porous regions, had the sizes below ~500 nm.
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Ceramics prepared from the single-calcined powders were found to be structurally and
compositionally heterogeneous. Amorphous triple pockets with sizes between 10 nm and
30 nm were observed. Their composition is strongly potassium deficient, with a K/Ta
ratio of 0.55. The composition of the majority of large grains has a K/Ta ratio between
0.76 and 0.84. Additionally, a small amount of K-rich large grains with the K/Ta ratio of
1.30 was detected. The composition of the small grains revealed a slight excess of Ta
relative to the nominal composition.

Compositional deviations were also observed in the hot pressed ceramics, prepared
from the double-calcined powders. Smaller grains are either stoichiometric or have a K-
rich composition, with a K/Ta ratio even up to 1.6. In addition to the stoichiometric and
K-rich compositions, some larger grains are also Ta-rich and have a K/Ta down to 0.8.
Even though rather large scattering of the composition within some of the grains was
observed, the amorphous phase was not detected and the structural homogeneity of these
ceramics is improved.

Double-calcination of the KTaOs contributed to a higher dielectric permittivity ¢’ and
lower dielectric losses tano of the ceramics. The respective values of the hot pressed
KTaO; ceramics are 4090 and 0.0048, measured at 5 K and 1 kHz. The former value is
almost doubled as compared to the value of the ceramics prepared from the single-
calcined powders. The enhancement is attributed to the different microstructure and
improved structural homogeneity of the ceramics prepared from the double-calcined
powders. The permittivity value is also only slightly lower than the one in single crystals,
1.e., 4500. The result points out the efficiency of the mechanochemical activation for the
preparation of the KTaO; ceramics by the solid-state synthesis.

The KTaOs ceramics prepared from the double-calcined powders were characterized
by a number of spectroscopic techniques in a broad spectral range. The three polar optic
phonons, TO1 (Slater mode), TO2 (Last mode) and TO4 (Axe mode), were observed by
the THz and infrared spectroscopies, and a weak coupling of the Slater and Last modes
was revealed by the mode-plasma frequencies analysis. The increase of the radio and
microwave frequency permittivity with decreasing temperature is directly related to the
strong softening of the TOl mode (soft mode), which primarily corresponds to the
vibration of the Ta’" ions against the rigid Oy octahedra. Its eigen-frequency values are
comparable to the ones in single crystals. These results indicate the pure displacive
behavior of KTaO; ceramics, which is typical for incipient ferroelectrics, and the
negligible influence of grain boundaries on their macroscopic dielectric response.

On the other hand, the microwave losses of the KTaO; ceramics at room temperature
and ~6 GHz are 0.0095, which is higher than the value reported for the single crystals,
1e., 14 x 10* at 3 GHz, indicating extrinsic contributions. In addition, the first-order
Raman scattering peaks, which are forbidden in the cubic Pm3m structure, were
observed below ~150 K. Their appearances are associated with the presence of defects
inside the crystal lattice of the ceramics. In our case the most plausible origin of these
defects is the traces of Co (and W), arising from the wear of the milling vial and balls
during the high-energy milling, and non-stoichiometry (A-site deficiency) detected in
some of the grains.

Further processing optimization of the KTaOs ceramics, with the scope of the
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homogeneity enhancement, are needed. In addition, investigations of smaller grain size
ceramics by means of high-resolution transmission electron microscopy and broadband
dielectric spectroscopy are needed in order to estimate the possible dielectric grain size
effect in KTaOs ceramics: identify the type of the majority of defects, their spatial
position and the structure of the grain boundaries.

We have also prepared polycrystalline KTaOs thin films on polycrystalline alumina
and (0001) sapphire substrates from the alkoxide-based sols. If stoichiometric sols were
used and the crystallization was performed after four deposition-pyrolysis steps, the films
had a multi-phase composition after heating at 900°C in a rapid thermal annealing
furnace. The phase composition was improved by adding 30 % excess of potassium
acetate in the sols and crystallization at 900°C after each deposition. The single-phase
perovskite films were slightly (100) preferentially oriented, which was explained by the
anisotropy of the surface energies of different crystallographic phases. The 200-nm-thick
films had the in-plane grain size of ~160 nm.

The dielectric properties of the films on alumina substrates were measured in the
radio- and microwave-frequency ranges. In contrast to the classical incipient ferroelectric
behavior, the maximum of the permittivity ¢’ was observed in the 3045 K temperature
range. The low-temperature ferroelectric state was finger-printed by the quasi-static
polarization measurements. The quasi-static polarization, measured on heating after field-
cooling at Epc = 400 kV/cm, has a low-temperature value of ~0.5 C/m? and vanishes to
zero at ~45 K; however, the exact temperature of the polarization zero-value depends on
the measurement conditions (field-cooling or zero-field-cooling).

The films on c-sapphire substrates, which show qualitatively the same microwave
dielectric behavior as the films on alumina, were also investigated in the terahertz and
infrared frequency ranges. Similar to the single crystals and ceramics, the bands
corresponding to the TO1, TO2 and TO4 polar optic modes were observed in the infrared
reflectivity spectra. The soft mode (TO1) softens on cooling, having the minimum
frequency at ~60 K, which roughly equals the temperature where the microwave
permittivity maximum was observed. Below this temperature it hardens. The soft mode
was found to be coupled to the central mode, which is silent in the paraelectric phase and
becomes coupled to the polarization below the ferroelectric transition temperature with a
progressively increasing bare strength. The data are a strong indication of the soft-mode-
driven ferroelectric phase transition with a mixed, displacive and order-disorder character.
Induced ferroelectricity in the chemical solution derived thin films of incipient
ferroelectrics has been observed for the first time.

Based on the extensive research on epitaxially-strained SrTiOs thin films, we have
attributed the phenomenon to the thermal strain, arising from the mismatch between the
thermal expansion coefficients of the films and the substrate, and its delicate interplay
between the small amounts of possible polar defects arising from the unintentional A-site
deficiency. However, further investigations are needed to determine its exact origin.
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5.2 KT30.6Nb0_403 Thin Films

Stoichiometric KTa¢Nbp4Os sols were prepared from the potassium acetate and
transition-metal ethoxides by 1 h, 4 h, 24 h and 48 h reflux in 2-methoxyethanol.
Extended X-ray absorption spectroscopy was employed to obtain information about the
correlations between the constituent atoms, depending on the time of reflux.

The local environment of the Ta atoms is almost independent of the reflux time; it is
coordinated by six oxygen atoms in the first shell and the potassium atom in the second
shell of neighbors. There are no Ta-O-Ta or Ta-O-Nb correlations present in the sols.

In contrast, the Nb local environment changes with reflux time. After 1 h of reflux, Nb
is present in the form of dimers and the number of the Nb neighbors slightly increases
with the reflux time. The Nb-O-K correlations were confirmed after 1 h; however, a
steady state was established only after 24 h of reflux.

The 1-h- and 24-h-refluxed sols were used for the preparation of the KTagsNbg 403
films on the polycrystalline alumina substrate. After four deposition-pyrolysis steps, final
heating was performed in a rapid thermal annealing furnace. The addition of the 10 %
excess of potassium acetate in the sols and heating at 900°C were found to be obligatory
for the preparation of perovskite films. In addition, the phase composition and
microstructure of the films was strongly dependent on the reflux time of the sols. We
obtained single-phase films only from the 24-h-refluxed sols, while the films prepared
from the 1-h-refluxed sols had a multi-phase composition and heterogeneous
microstructures. Enhancement of the crystallization behavior is directly related to the
formation of bimetallic species between potassium and both transition metals upon
refluxing. The preferred (100) orientation of the perovskite phase was attributed to the
anisotropy of the surface energies of the different crystallographic faces.

The improved microstructural and compositional homogeneity are also attributed to
the enhanced dielectric properties. The 1-MHz room-temperature values of dielectric
permittivity and tunability (at ~100 kV / cm) of the films, prepared from the 1-h-refluxed
solutions, are 860 and 2.5, respectively. The respective values for the films, prepared
from the 24-h-refluxed solutions, are 2200 and 3.8.

The dielectric properties of the KTag¢Nby4Os thin films were studied in the radio-
frequency and microwave-frequency ranges, and were found to be strongly frequency
dependent. The relaxor-like dielectric properties of the films prepared from the 24-h-
refluxed solutions were confirmed by fitting the experimental data to the Vogel-Fulcher
law. The room-temperature value of the permittivity decreases from 2430 to 590 and the
dielectric losses increase from 0.08 to 0.52 in the frequency range from 10 kHz to 14.5
GHz. The observed behavior was correlated to the thermally activated segregation of Nb-
species inside the sol during the reflux, resulting in the heterogeneous distribution of Ta
and Nb atoms.

Frequency dispersion of the dielectric properties as well as rather high dielectric losses
present a challenge for possible applications of the chemical-solution-derived
K(Ta,Nb)O;3 thin films in tunable microwave devices. Still, studies on the chemical
modification of the Nb-precursor and its influence on the films are of great interest for the
improvement of the functional properties of KTag ¢Nbg4O3 thin films.
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Figure 1.1: a) Typical ferroelectric (P-E) hysteresis loop. Remanent polarization P,
and coercive field £, are marked. b) Schematic temperature dependence of the
dielectric permittivity &', inverse permittivity [/’ and spontaneous
polarization P of a first-order ferroelectric. The 7, and 7¢ are the Curie-

Weiss temperature and Curie point, reSpectively......coeeverierirvienieneeiienecnienene

Figure 1.2: a) Schematic temperature dependence of the permittivity ¢&’, inverse
permittivity //&” and spontaneous polarization P, of the relaxor. An arrow is

indicating the increase of the frequency. b) Slim relaxor P-E hysteresis loop. .....

Figure 1.3: Schematic temperature dependence of the permittivity & and inverse

permittivity //¢” of the incipient ferroelectrics. ........cooerverieniriinieneeicneceene

Figure 1.4: Frequency dependence of the dielectric losses tand of the KTaOs single

crystal measured at different temperatures. After Geyer et al. [15].......ccceeuneeee.

Figure 1.5: Schematic presentation of the temperature — in-plane biaxial strain u
phase diagram of the epitaxial single-domain (100) SrTiOj3 thin films obtained
from the thermodynamic analysis. The arrows indicate the expected direction
of the polarization: in-plane and out-of-plane for the tensile and compressive
strains, respectively. The ranges of the ferroelectric transitions are due to the

spread of the reported coefficients used in the calculation [48,51]...........ccccneee.e.

Figure 1.6: KNbO;3;-KTaOs; phase diagram. Dashed lines indicate transitions
between the cubic, tetragonal, orthorhombic and rhomobohedral phases. After

Reisman et al. [65] and Triebwasser et al. [64,66]..........cccveeecuieieiiieeciiieeciieeeiieenns

Figure 1.7: Temperature dependence of the dielectric permittivity & for the
KTaxNb; O3 solid solution for different compositions measured at 10 kHz.

ALter TrIEDWASSET [00]. ..eecuviieeiiiieeiie ettt ar e e e rae e seree e
Figure 1.8: Ta;05-K,0 (K,COs3) phase diagram. After Reisman et al. [69].....................

Figure 1.9: Ta,05-KTaO; phase diagram. GTB — Gatehouse tungsten bronze at 89
% of Ta,Os; TTBs — tetragonal tungsten bronze with superstructure between
83.3 % and 80 % of Ta,Os; HTB — hexagonal tungsten bronze at 77.3 % of
Ta,0s; H; — hexagonal phase at 73.85 % of Ta,Os; H, — hexagonal phase at
73.5 % of Ta,Os. TTB — tetragonal tungsten bronze near 66 % of Ta;Os

(K6Ta10_8030). After Roth et al. [70] ........................................................................

Figure 1.10: Subsolidus phase relations in the KNbO3;-KTaO; phase diagram. After

Hill @t Al [80]. oo e ettt e e et e e e e naeas

Figure 1.11: Schematic presentation of the chemical solution deposition process. .........
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Figure 1.12: Scheme of the dimeric structure of the [M(OR)s], (M - Ta, Nb; R -

CH;, CH,—CH3). Adopted from Bradley et al. [100]........ccoceeiieniiiiiiiiiiienieeee 37
Figure 1.13: Structure of the chelate cycle formed by 2-methoxyethanol. M — metal.

From Turova et al. [102].......ooiiiiiiece e 39
Figure 3.1: Schematic presentation of the KTaO3; ceramics’ processing. ..........ccoceevueneee. 45
Figure 3.2: Schematic presentation of the synthesis of the KTaOs and KTag¢Nbg 403

SO0, ettt ettt et et e et e e et e e bt e st e et e e e ate e bt e enbe et eesnteenbeeenseenseens 47
Figure 3.3: Schematic presentation of the KTaO; and KTay¢Nby4O;3 thin films’

PIEPATALION TOULE. ..vveeeutiieeireeeieeesieeesteeeseteeessaeeessseesssseeesseeessseesseeesssaeessseeensseesnsses 48

Figure 3.4: Schematic presentation of the planar thin film capacitor. 4, and h, —
thickness of the film and the substrate, respectively; s — gap between the
electrodes (2-3 um); / — length of the electrodes (1.5 mm); w — width of the

€leCtrOdes (750 LUM). c.veeeeeiieeiiie ettt ettt et e et e e et e e et e e eabeeesabeeesssaeesnseeennneaens 52
Figure 3.5: Schematic diagram of the experimental setup for the quasistatic
INEASUTEINIETIES. ...ttt ettt ettt ettt ettt et sa e e e sbe e e eaesbeeae e 53

Figure 3.6: THz time-domain waveforms of the bare c-sapphire substrate and
substrate with the 200-nm-thick KTaO; thin film, both measured at 20 K. O -
direct pass; 1 — first internal Fabry-Pérot reflection. ..........cccevveeiiiiiinieniiiceen, 56

Figure 4.1: XRD patterns of the K,COs3-Ta,Os powder mixtures after the
homogenization (0 h) and after 5 h and 10 h of the mechanochemical
treatment. Note the change of the scale for different patterns. T — Ta,Os[161];

K - K,COs-1.5H;0 [162]; KH — K4H,(CO3); - 1.5 H,O [163]; Py —
pyrochlore KoTasOp [104]. ceveeeiieiieieeieeee ettt 58

Figure 4.2: IR spectra of the K,COs3-Ta;Os powder mixtures after the
homogenization (0 h), and after 5 h and 10 h of the mechanochemical
141310 1<) 1| SO TSP 59

Figure 4.3: Structure of the carbonate CO3* ion and its common coordination types.
M = MCLAL ..ot 59

Figure 4.4: XRD patterns of the KTaO; powders after the first (1C) and the second
(2C) heating at 800°C for 4 h. All peaks correspond to the perovskite KTaO;
PRASE [LA2]. ettt ettt et ettt et e ettt e b e eneas 60
Figure 4.5: Particle size distribution with the median particle size dsy of the KTaO;
powders after a) the first (1C) and b) the second (2C) heating at 800°C for 4
TSP 60
Figure 4.6: a) and b) FE-SEM, c) and d) TEM micrographs of the single (1C) and
double (2C) heated KTaO; powders. Both heatings were performed at 800°C
for 4 h. In a) the arrows indicate nanoparticles attached to the larger particles. ...... 61
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Figure 4.7: a) TEM micrograph of the 1C KTaO; powder, single heated at 800°C
for 4h. Numbers denote the areas from which the composition shown in b)
was obtained by the EDXS analysis. The area 1 represents well-crystallized
cubic-shaped particles; the area 2 represents the particles with disturbed
edges; while the area 3 represents poorly crystalline or amorphous
nanoparticles attached to larger ones. In b) the dotted horizontal line denotes
the nominal compositions, while grey areas correspond to the standard
deviation + 26 (+ 2.6 at.%). For the concentration of O obtained by EELS see
Rt [ 145 ettt sttt et st ae et 61

Figure 4.8: XRD patterns of the 1C-Air, 1C-O,, 1C-HP and 2C-HP KTaO;
ceramics. In b) detailed view of the square rooted XRD patterns in the 20—40°
20 range is shown. Peaks denoted with the Miller indices correspond to the
perovskite KTaO; phase [142]. X — K¢Ta 98030 phase [168].....ccoevvevvieniieeiiennnns 62

Figure 4.9: FE-SEM micrographs of the fractured (a, c, ) and polished (b, d, f)
surfaces of the KTaO;3 ceramics prepared by sintering in air at 1325°C (1C-
Air) and by hot pressing at 1250°C (1C-HP, 2C-HP). The images of the
fractured and polished surfaces were obtained by the secondary- and back-
scattered-electron imaging modes, respectively.........cooevviieiieniienieniiiciceieeeeee, 63

Figure 4.10: a) TEM micrograph of the 1C-HP KTaOs ceramic prepared from the
single-heated powders by hot pressing at 1250°C. Numbers denote the areas
from which the composition shown in b) was obtained by the EDXS analysis.

The area 1 represents small grains with the perovskite composition and a
slightly Ta-rich tendency. The area 2 represents large grains and small grains
in their vicinity, both with a similar Ta-rich composition. The number 3
correspond to either small or large grains with a K-rich composition. In b) the
dotted horizontal line denotes the nominal compositions, while grey areas
correspond to the standard deviation + 26 (+ 2.6 at.%). For the concentration
of O obtained by EELS see Ref. [145]...c.oviiiiiiiieeeeeeeeeeeee e, 65

Figure 4.11: TEM micrograph of the 1C-HP KTaOs ceramic. The amorphous triple
pocket (1) between the two grains (2) is shown in the inset. Numbers
represent the areas where the combined EDXS/EELS analyses were
0T 10) 0 01T ¢ KRR 65

Figure 4.12: a) TEM micrograph of the 2C-HP KTaOs ceramic prepared from the
double-heated powders by hot pressing at 1250°C. The areas from which the
compositions shown in b) and ¢) were obtained by the EDXS analyses are
marked. In b) area 1 represents small grains with the perovskite composition,
while area 2 represents small grains with the K-rich compositions. In c) area 1
represents large grains with a perovskite composition, area 2 represents large
grains with Ta-rich compositions and area 3 represents the grains with K-rich
compositions. Some of the grains showed large compositional variations.
Examples are shown in the insets of b) and c). The dotted horizontal line
denotes the nominal compositions, while the grey areas correspond to the
standard deviation + 25 (£ 2.6 at.%) for each element. ...........ccoeeciiniiiiiniinnnnnen. 66
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Figure 4.13: a) Temperature dependence of dielectric permittivity & and b)
dielectric losses tano of the 1C-HP and 2C-HP KTaO; ceramics measured at 1
kHz. Note the logarithmic scale in both cases. Lines between the experimental
points are guides t0 the €Ye. ........oiiuiiiiiiiiiiii e 67

Figure 4.14: a) Temperature dependence of dielectric losses tano of the 2C-HP
ceramic measured at 1 kHz, 10 kHz and 100 kHz. Different frequency-
dispersion regions are marked. b) Arrhenius plots of the three dispersion
regions in the frequency range from 100 Hz to 100 kHz. Calculated activation
eNergies £, are alSO GIVEIN. ...occcuiiiiiiiiieiieeieeiie ettt ettt et st esareeaee 68

Figure 4.15: Temperature dependence of the permittivity ¢’ and dielectric losses

tano of the 2C-HP ceramic measured in the 2—6 GHz frequency range................... 69
Figure 4.16: IR reflectivity spectra (lines), together with the reflectivity calculated

from THz transmission data (symbols), of 2C-HP KTaOs ceramics measured

at a) 300 K and b) at selected temperatures in the 300-20 K range. In b) note

the logarithmic wavenumber scale. Approximate positions of the TO1, TO2

and TO4 polar modes are marked. In b) the experimental data are compared to

the fits (dashed lines).* — two-phonon combination band. .............cccceenieniinnennne. 70

Figure 4.17: a) Real ¢’(w) and b) imaginary &’ ’(@) parts of the complex dielectric
permittivitye (@) of the 2C-HP KTaO; ceramics calculated from the
simultaneous fits of the IR and THz data (the latter shown as the symbols)
measured at different tempPeratures. ..........cveeeveeeriieeiiieeiiee e 71

Figure 4.18: Temperature dependences of the wro;, @ro; and @ros polar phonon
frequencies. The lines are guides to the eye. Inset: Temperature dependence of
the TO1 mode damping CONSLANE Y701 eeuveereeeeiieiieeiieiie ettt 72

Figure 4.19: Temperature dependences of the (2ro; (210, and 2o, mode-plasma
frequencies, together with the overall plasma frequency (2;o7. Lines between
the points are guides t0 the EYe. ....c.cvviviiieriieiieiecieee e 73

Figure 4.20: Temperature dependence of the 1-kHz permittivity ¢ and soft-mode
frequency wsy. Blue line: Curie-Weiss fit from 300 K to 30 K. Red line:
Barret fit from 300 K to 5 K; Black line: Cochran fit from 300 K to 20 K................ 74

Figure 4.21: Temperature dependence of the RF (1 kHz) and MW (26 GHz)
dielectric permittivity ¢’ compared to the phonon contribution calculated from
the IR and THz data fits. Lines between the experimental points are guides to
11 1T ) SRR 74

Figure 4.22: Raman spectra of the 2C-HP KTaOs; ceramics measured at selected
temperatures. The spectra are displaced vertically for clarity. The positions of
the Raman-forbidden one-phonon features are marked...........c.ccocevveniininiinennene. 75
Figure 4.23: Fit of the Raman spectrum measured at 50 K. Positions of the one-

phonon peaks are Marked. ..........cocceeviiiiiiiiiii e 76

Figure 4.24 a) TG and DTG, b) DTA and c) EGA curves of the stoichiometric
KTaOs sol after drying at 60°C. Positions of the strongest maxima and
minima of the curves are denoted. ...........cooeeiiiiiiiiiiiii e 80
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Figure 4.25: XRD pattern of the KTaO3 powder after the thermal analysis. All the
peaks denoted with Miller indices correspond to the pyrochlore K;Ta;Og

[LOAT. oo e e eeeee e s e e e s s e s ees e

Figure 4.26: XRD patterns of the 1C KTaO; films on alumina substrates prepared
from the stoichiometric sol (0 %) and sols with 10 %, 20 % and 30 % excess
of potassium acetate. The films were pyrolyzed at 350°C. After 4 depositions
the final annealing was performed at 900°C for 15 min. The pattern of the
alumina substrate is also shown. P — perovskite phase [142]; Py — pyrochlore

phase [164]; X — unidentified peaks..........cccceeviiriiiinieiiiiieeeeeeeee e

Figure 4.27: XRD patterns of the 4C KTaO; thin films on alumina substrates
prepared from the sols with 30 % excess of potassium acetate. Films were
dried at 180°C and annealed after each deposition at 700°C, 800°C and
900°C, respectively. The procedure was repeated 4 times. The pattern of the
alumina substrate is also shown. P — perovskite phase [142]; Py — pyrochlore

phase [164]; X — unidentified peak. ........ccccoeuieriiriiiiieniieiececeee e

Figure 4.28: XRD patterns of the 4C KTaO; thin films prepared on a) alumina and
b) c-sapphire substrates. The films were dried at 180°C and annealed after
each deposition at 900°C. The procedure was repeated 4 times. Patterns of the
substrates are also shown. Peaks corresponding to the perovskite phase [142]
are denoted with the Miller indices. In the inset of (b), unknown peak, which
occasionally appeared in the patterns of the films on the c-sapphire, is shown.

Note the logarithmic intensity scale in both patterns. ..........ccccceeveeriiiiiinieencennen.

Figure 4.29: a), b), ¢), d) plane-view and e), f) cross-section view FE-SEM
micrographs of the 4C KTaOs; thin films on corundum (a), c), €)) and on c-
sapphire (b), d), f)) substrates. In a) surface of the polycrystalline alumina is

SOWIL. e ettt e e e e e e e e et e e e e e e e e e e aaaaeaaaeaaaaa

Figure 4.30: Cross-section STEM bright-field micrograph (above) and
compositional STEM-EDXS line scan over the cross-section of the 4C KTaO;
thin film on the alumina substrate. The position of the line scan is denoted
with the arrow. The error bars represent +29 standard deviation. The dotted
horizontal line denotes the nominal compositions, while the grey areas

correspond to the standard deviation + 26 (£ 2.6 at.%) for each element..............

Figure 4.31: Schematic presentation of the crystallization process in the solution-
derived thin films. a) Thick crystallizing layer, where both, heterogeneous and
homogeneous, nucleation mechanisms compete. b) Thin crystallizing layer
where mainly the crystallites with the lowest-energy faces, oriented in-plane,
nucleate and grow. ¢) Thin crystallizing layer, where mainly heterogeneous
nucleation of the randomly oriented nuclei takes place. The in-plane grain
growth is governed by the criterion of the lowest surface energy.

Crystallization of only one phase, i.e., perovskite, is assumed. .........c..cceceevuennenne.
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Figure 4.32: a) Temperature dependence of the dielectric permittivity &’ of the 4C
KTaOs film on the alumina substrate measured in the 3 kHz to 1 MHz
frequency range. b) Curie-Weiss fit of the 10 kHz experimental data. c)
Vogel-Fulcher fit of the experimental data. d) DC electric field Epc
dependence of the temperature of the permittivity maximum 7,,,, at 10 kHz.
In d) the line between the experimental points is a guide to the eye. Amplitude

of the probing AC field was 4 KV/CM. .......ccceeuiriiiiiiiniiniiinceccneceeeseee

Figure 4.33: DC electric field Epc dependence of the normalized dielectric
permittivity &’(Epc)/e’(0) of the 4C KTaOj; thin film on alumina substrate.
The measurement was performed at 298 K and 100 K, while the frequencies
were 1 MHz and 100 kHz, respectively. The voltage cycle was: -Epcimar — 0

V- EDCmax- ............................................................................................................

Figure 4.34: Temperature dependence of the quasi-static polarization P of the 4C
KTaOj; thin film on alumina substrate measured on heating at DC electric field
Epc=400 kV/cm after field cooling (FC) or zero-field cooling (ZFC). Quasi-

static permittivity &y measured in ZFC regime by applying 40 kV/cm at each

temperature 1S ShOwn 1N the INSEt........c.ceevviiieiiieiiiieeee e

Figure 4.35: Temperature dependence of the quasi-static polarization P of the 4C
KTaOs; thin film on alumina substrate measured on heating at different DC
electric fields Epc, i.e., 84 kV/ecm, 400 kV/cm and 800 kV/cm, after zero-field
cooling (ZFC) or field cooling (FC). Electric field dependence of the
polarization P measured at 15 K is shown in the inset. The first point is taken
from the low-field RF measurements (Figure 4.32). Line between the

experimental points is a guide to the eye. .......cccceeiieriiiciiiniieieee e,

Figure 4.36: Temperature dependence of the MW permittivity &’ and dielectric
losses tano of the 4C KTaOs thin films on a) corundum and b) c-sapphire

substrate, measured at 14.5 and 16.2 GHz, respectively. ......cccocvvvvciienieeinieeennen.

Figure 4.37: Real ¢’(w) and imaginary & ’(w) parts of the complex dielectric
permittivity & (@) of the 4C KTaOs thin film on the c-sapphire substrate. The
experimental data (symbols) at different temperatures were obtained by
transmission THz time-domain spectroscopy. Lines — fits to the Equation

Figure 4.38: IR reflectivity spectra of the bare c-sapphire substrate and of the 4C
KTaOj3 thin film measured at 300 K. Approximate positions of the TO1 (SM),
TO2 and TO4 polar modes are marked with arrows. Spectra are displaced

vertically for reason of Clarity.........coccevviieiiiiiiiiiie e

Figure 4.39: IR transmission spectra of the a) bare c-sapphire substrate and b) the
KTaOs thin film at selected temperatures in the 300 K to 5 K range.
Approximate positions of the SM and TO2 polar modes of the film are

marked. Spectra are displaced vertically for reasons of clarity. ........c..ccocerveereenene

Figure 4.40: Comparison of the experimental IR transmission spectrum of the

KTaOj thin film on c-sapphire at 120 K with the fit. ...
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Figure 4.41: a) Real ¢’(w) and b) imaginary &’ ’(®) parts of the complex dielectric
permittivity & (@) of the KTaOs thin films on c-sapphire calculated from the
simultaneous fits of the IR, THz and MW data. Approximate positions of the
CM, SM and TO2 modes are marked. MW experimental data are shown as

SYIMDOLS. ..ttt ettt ettt ettt et et ebeeenee

Figure 4.42: Temperature dependences of a) wsy and @ro, polar phonon
frequencies, b) relaxation strength g and coupling constant 6 between SM and
CM, obtained from the simultaneous fits of the IR, THz transmission and MW
data of the KTaOs; thin film on the c-sapphire substrate. Lines between the

points are guides t0 the EYE. ....cccuvieiiiieiiieeeecee e e ee e

Figure 4.43: Comparison of a) permittivity ¢’ and b) soft-mode frequency wsys of
the KTaO; single crystal, ceramic and polycrystalline thin film on a c-
sapphire substrate. The respective permittivities were measured at 100 Hz
[20], 1 kHz (Figure 4.13a) and 16.2 GHz (Figure 4.36b) The soft-mode
frequencies were obtained from the fits of the IR and THz data, while the
single-crystal data were obtained from the hyper-Raman measurements in the
x(yy)z scattering configuration [122]. ....cceevviieriieiiiieeieeceeee e

Figure 4.44: Temperature dependence of the permittivity ¢’ of the KTaO; single
crystal (from Salce et al. [20], 100 Hz) and ceramic (2C-HP, 1 kHz) compared
to the effective permittivity of the single-crystal-air composite calculated
from Equation (4.9), assuming 2 % and 5 % pOTOSItY. .....c.eevueerverrieenieeiiienieeieans

Figure 4.45: The k’-weighted a) Ta and b) Nb EXAFS spectra of the KTN1, KTN4,
KTN24 and KTN48 sols (dots) in comparison with the best-fit EXAFS model
(SO TINES ). c.veeveeeiie ettt ettt ettt et e e e st e et e e ssaeesbeessseensaesnneenns

Figure 4.46: Fourier transforms of the k’-weighted a) Ta and b) Nb EXAFS spectra
of KTNI, KTN4, KTN24 and KTN48 sols from Fig. 1, calculated in the k-
range from 3 A™ to 15 A for Ta, and from 4 A to 15 A™' for Nb EXAFS
spectra. Dots — experiment; solid lines — best-fit EXAFS model. .........................

Figure 4.47: IR spectra of the KTN1, KTN4, KTN24 and KTN48 distillates. For
comparison, a spectrum of the 2-methoxyethanol (2-MOE) is also shown. The
dashed line stresses the presence of the absorption band at 1740 cm™ in all
distillates’ spectra. Spectra are displaced vertically for reasons of clarity.............

Figure 4.48: Comparison of the TG curves of the KTN1 and KTN24 stoichiometric
KTaysNby 403 sols after drying at 60°C. The DTG curves of both sols are
compared 1N the TNSEL. ......c.eeeiiiiieiiieeiiie et e e e e

Figure 4.49: a) TG and DTG, b) DTA and c¢) EGA curves of the 24-h-refluxed
stoichiometric KTag¢Nby4O; sol after drying at 60°C. Positions of the
strongest maxima and minima in the curves are denoted. ..........ccccocevvirerniennenne.

Figure 4.50: XRD patterns of the KTNI1 and KTN24 KTay¢Nby4O; powders after
the thermal analysis. P-perovskite phase [142]; Py-pyrochlore phase [164]. ........
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Figure 4.51: XRD patterns of the KTag¢Nby4Os thin films on alumina substrates
prepared from the 1-h-refluxed a) stoichiometric sols and b) from the sols
with 10 % excess of the potassium excess (b). After four depositions final
annealing was performed for 15 min at 700°C, 800°C, or 900°C. Pattern of
the alumina substrate is also shown. P — perovskite phase [142]; Py —

pyrochlore phase [164]; X — unidentified peaks. .........ccocevievenienenienienieieene

Figure 4.52: XRD patterns of the KTay¢Nby4Os thin films on alumina substrates
prepared from the a) 24-h-refluxed stoichiometric sols and b) from the sols
with 10 % excess of the potassium excess. After four depositions final
annealing was performed for 15 min at 700°C, 800°C, or 900°C. Pattern of
the alumina substrate is also shown. P — perovskite phase [142]; Py —

pyrochlore phase [164]; X — unidentified peaks. ........cccceevuveeviieeiiieniiieeieeeieees

Figure 4.53: a), b), ¢) and d) plane-view and e), f) cross-section view FE-SEM
micrographs of the KTNI1-10 (a), ¢), e¢)) and KTN24-10 (b), d), f))
KTag ¢Nbg 403 thin films on the alumina substrates after heating at 900°C. The
films were prepared from the 1-h- and 24-h-refluxed sols, respectively,

containing 10 % of the potassium acetate EXCesS. .....c.ceevueerieriieenieeiiienieeieeneeans

Figure 4.54: DC electric field Epc dependence of the normalized dielectric
permittivity &’ (Epc)/ €’(0) of the KITN1-10 and KTN24-10 KTacNbg 403
thin films after heating at 900°C (voltage cycle: 0 V—>+30V - 0V — -30
V — 0 V). The measurements were performed at room temperature and 1
MHz. Lines between the experimental points are guides to the eye. The

probing AC field was 1 KV/Cm. .....c.oooiiiiiiiiiiicie e

Figure 4.55: Temperature dependence of the real &' and imaginary &’ parts of the
complex dielectric permittivity & of the KTN24-10 KTap¢Nbg 405 thin film
after heating at 900°C, measured in the 3 kHz to 1 MHz frequency range. The

probing AC field was 3.3 KV/CMm. ....ccoiviiiiiiiiiiiiciiceceeceeeeeeee e

Figure 4.56: Temperature dependence of the permittivity ¢’ and dielectric losses
tand of the KTN24-10 KTag¢Nbp4Os thin film after heating at 900°C,
measured at 14.5 GHz. Lines through the experimental points are guides to

thE CY@ ONLY. .ottt st e e ebeenneas

Figure 4.57: Vogel-Fulcher fit of the real permittivity & of the KTN24-10

KTag¢Nbg 403 thin films after heating at 900°C...........cccveeviieeiciieeiecee e,

Figure 4.58: Frequency dependence of the permittivity &’ and dielectric losses tand
of the KTN24-10 KTa¢Nby4O5 thin films after heating at 900°C measured at
room temperature. Lines between the experimental points are guides to the

Figure 10.1: Ion displacements along one of the Cartesian coordinates of the IR
active zone-center modes in cubic ABOs perovskites: a) Slater, b) Last and ¢)

Axe mode. Figure is taken from Hlinka et al. [179]. ....cccceeeiieeiiieeiieeieeeeeee
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Figure 10.2: a) IR reflectivity spectrum of the KTaO; ceramic measured at room
temperature. The experimental data (black solid line) were fitted using the
generalized 4-parameter oscillators model (Equation (10.3)) (blue dashed
line). The calculated £’(w) and £’’(w) are shown in b) and c), respectively.
Distinctive frequency regions with contributions of the TO1, TO2 and TO4
polar modes are marked. Band marked with * is a combinational band which
does not correspond to the fundamental vibrational mode. ............ccccceeeiieninnnien.

Figure 10.3: Real &'(w) and imaginary &"(w) parts of the complex permittivity of the
BaTiO; single crystal measured from 298 K to 398 K. The probed electric
field E(w) was polarized parallel to the spontaneous polarization Pg (modes
are of the A; symmetry). Central (Debye relaxation), Last, Slater and Axe
modes are marked with letters D, L, S and A, respectively. THz data are
shown as symbols. Figure is taken from Hlinka et al[207].......cccccceveeviiienniennnnen.

Figure 10.4: Eight possible off-center sites of the Ti ion in the tetragonal phase of
BaTiO; [231]. The Ti ions mainly fluctuate among the 4 “ground” states (full
circles, black arrows). Occasionally they can also hop towards the excited
states (dotted circles, red arrows). These hops are responsible for the
appearance of the central mode. The direction of the spontaneous polarization
Py is presented with bIue arrow. ..........coeviiiiiiiiiiiie e
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10 Appendix

10.1 High-Frequency Spectroscopic Properties and Lattice
Dynamics of Perovskite Ferroelectrics and Related Materials

The complex dielectric permittivity (i ®) = &'(w) — ig’’(w) describes the response of the
substance to an applied electric field E(w). It is a second-rank tensor; however, in the
scope of the thesis mainly ceramics and polycrystalline thin films are considered,
therefore the permittivity is treated as macroscopically isotropic and is written in the form
of scalar.

In general, the dielectric response of the materials arises from different polarization
mechanisms, such as electronic polarization, atomic polarization, dipolar polarization, etc.
Each of these contributions appears in the dielectric spectrum as a dispersion of the
permittivity & (@) in a distinguishing frequency range. The dispersions are characterized
by the peaks of the imaginary part ¢"’(@) and the corresponding dispersion regions of the
real part &’(w) of the permittivity, which can be either of the relaxation or resonance type.
Both parts are connected through Kramers-Kronig relations. The complete dielectric
response of the material is described as the sum of all the individual contributions [223].

In crystals, the atomic contribution is typically caused by coherent vibrational motions
of the atoms around their equilibrium positions, called fundamental vibrational modes
(normal modes, phonon modes). The normal modes have characteristic frequencies
that depend on the lattice force constants and the masses of the atoms, while the total
number of the normal modes is defined by the structure of the crystal lattice. Two types of
phonon modes exist: transverse optic (TO) modes, with atoms vibrating perpendicularly
to the propagation of the phonon wave (direction of the wave vector), and longitudinal
optic (LO) modes with atoms vibrating along the direction of the wave vector. The TO
modes can be either non-polar or polar, depending on whether their dipole moment is zero
or non-zero, respectively. The polar modes consist of the motions of positive ions against
negative ions and directly interact with the infrared electromagnetic wave, typically in the
THz and IR frequency range. IR spectra of the ionic crystalline materials are usually
dominated by the bands corresponding to the first-order absorption of the photon by the
phonon, which can take place only if both have the same wave vector (the same direction
and wavelength). If the vibration mode were be completely harmonic it would appear in
the IR spectrum as a delta function. In reality, the modes have an at least partially
anharmonic character, which is characterized by damping y; [224].

The IR dielectric response of materials is often measured in the reflection mode,
employing normal specular reflectance from the mirror-flat planar surface of a thick
(opaque) sample. This kind of measurement is sensitive not only to the TO modes
features, observed in the spectra as the maxima of reflectivity (in the case of not very



158 Appendix

strong and weakly damped polar modes), but also to the LO modes features, observed in
the spectra as the minima. The measured normal reflectivity R(w) is related to the
dielectric permittivity £'(@w) by

2

Jer(w)—1
JVer(w)+1

Since the information about the phase of the reflected radiation is missing in the standard

R(w) = (10.1)

Fourier transform IR measurement, the real £’(w) and imaginary &’’(@w) parts of the
permittivity must be obtained by fitting the experimental data. A Kramer-Kronig analysis
might be inaccurate because of the limited measurable frequency range; therefore,
different models for fitting the data exist. The simplest model for the description of the IR
measured dielectric permittivity of ferroelectrics and similar materials is the sum of the
independent damped harmonic oscillators

= Asjw%oj
(W) = 80°+Z(u (10.2)

2 _ 2 7 N
Toj — W 1 lWYT0;

J

In the above equation, each oscillator is described with three parameters, @z, yroj and
Ag, which are the frequency, damping and dielectric strength of the j-th TO mode,
respectively. The dielectric strength characterizes the contribution of the j-th mode to the
static permittivity &0)i (Equation (10.6)). An additional parameter &, characterizes the
high-frequency electronic contribution. In the case of ferroelectrics it is rather small (&, <
10) and is usually taken as a temperature-independent constant [225].

In reality, the strong polar modes (high 4¢) often become coupled between each other.
This can be observed in the spectra as e.g. a non-additive overlapping of the imaginary
functions &”’(®w) belonging to the two bare polar modes. In these cases it is not possible to
fit the reflectivity data using Equation (1.21), instead, the spectra can be fitted by the so-
called generalized oscillators model with a factorized form of the permittivity & ()

n

Wiy — w? +iwyL;
£ (w) = gmn LOJ LoJ (10.3)

2 _ 24 -
Wrgj — W +la)yT0]

In addition to the j-th TO mode parameters, this model also allows independent
adjustment of the j-th LO mode parameters, i.e., the frequency @, and damping y,0;. The
model partially accounts for mode-coupling phenomena with four free fitting parameters
for each oscillator. The dielectric strength of the m-th mode Ag, is defined as:

n, 2 2
[} wio; — 0Fom 1
n 2 2 2
j2m P1oj — WTom PTom

Aey, = €0

(10.4)

In the static limit the generalized 4-parameter model yields to the famous Lyddane-Sachs-
Teller relation:

iValue of the permittivity obtained by the extrapolation of the fit to zero frequency.
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nooa2
-T2 (10.5)

Exo A W7y
j TOj

This relation is usually used to compare the crystal lattice (phonon) contribution to the
permittivity with the permittivity measured in the lower (radio-frequency (RF),
microwave (MW)) frequency range [224].

In both, 3- and 4-parameter models, the phonon contribution to the static permittivity
&(0) can also be expressed as a sum of the separate dielectric strengths Ag,.

£(0) = &, + Z Agp, (10.6)

Another important quantity that can be evaluated directly from the IR spectra is the
mode-plasma frequency (2, of the m-th polar mode, defined as:

0, = /Asm CWEom (10.7)

The mode-plasma frequency is related to the mode eigen-vector by a set of Born effective
chargei tensors for all in-equivalent ions in the unit cell and can be used for the
assignment of the polar modes [179].

The cubic ABOs type perovskites (Pm3m space group) have 3 triply degenerate zone-
centerii IR active modes of the 3F;, symmetry, which are usually denoted as TO1, TO2
and TO4. There is an additional F,, mode (TO3 mode), however, it is not IR active in the
cubic phase and its dipolar strength Ag,, in the ferroelectric phase is rather small, therefore
it will be omitted from this discussion. Considering the movement of the ions along one
of the Cartesian coordinates only the eigen-displacements of the 3 polar modes are
presented in Figure 10.1. In the Slater mode, the B cations are oscillating against the rigid
O¢ octahedra. In the Last mode, the A cations are oscillating against the rigid BOg
structure. The third mode, Axe mode, corresponds to the bending of the O¢ octahedra.

On cooling through the ferroelectric phase-transition temperature, spontaneous
polarization Py appears. In the case of PbTi0;, BaTiOs;, KNbOs, etc., which are tetragonal
just below the transition temperature, Py appears along one of the cubic axes and the three
Fyy triplet modes split into A;-E pairs. Modes of the A; and E symmetry contribute to the
dielectric permittivity tensor parallel and perpendicular to the spontaneous polarization,
respectively. The eigen-displacements of these modes can be also described with the
Slater, Last and Axe nomenclature.

iBorn effective charge is approximately a measure of a local dipole moment which develops as the atoms are moved.

'Wave vectors of the IR photons are very small in comparison with the wave vectors of phonons, apart from those that belong to the
“center” of the Brillouin zone (wave vectors k = 0). These are the ones that the IR photons interact with and are observable in the IR
spectra.
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Figure 10.1: Ion displacements along one of the Cartesian coordinates of the IR active zone-center
modes in cubic ABO; perovskites: a) Slater, b) Last and c) Axe mode. Figure is taken from
Hlinka et al. [179].

As an example, the room-temperature IR reflectivity spectrum of the KTaO; ceramic
obtained in the Thesis is shown in Figure 10.2a. The reflection bands, corresponding to
the TO1, TO2 and TO4 polar modes, are present at 83 em”, 201 em™ and 543 cm'l,
respectively. An additional band at 761 cm™ is a combinational band of the TO2 and TO4
modes and does not correspond to any fundamental vibration. The experimental data were
fitted by the generalized 4-parameter oscillators model (Equation (10.3)) and the
calculated £’(w) and £’’(w) are plotted in Figure 10.2b and c, respectively. As discussed
above, the dispersion regions corresponding to each polar mode appear as a distinctive
resonance in the £’(®) spectrum and as a peak in the £”’(@) spectrum. The positions of the
&”’(w) maxima approximately correspond to the modes frequencies @rg;. Note that the
lowest frequency TO1 mode has the largest dielectric strength.

To assign the polar modes observed in Figure 10.2, the mode-plasma frequencies (2ro;
(Equation (10.7)) of the TO1, TO2 and TO4 modes were calculated. The values are
shown in Table 10.1, together with the literature values for the typical ABO; perovskites
in their cubic phase. According to Hlinka et al. [179], the mode with the largest mode-
plasma frequency (2ro; always corresponds to the Slater-type due to the large Born
effective charge of the B cation. The Last mode is always the one with the smallest (2ry;,.
Thus, in the case of the KTaOs the TO1, TO2 and TO4 modes are of the Slater, Last and
Axe types, respectively. Note that the lowest-frequency @ro; mode in the case of KNbO3,
SrTiOs and KTaOj; is of the Slater-type, while in the case of PbZrOj it is of the Last type.
This can be generalized to other lead-based systems [179].

The general sum rule of the squared mode-plasma frequencies requires that that the
total plasma frequency (2;or has to be temperature independent:

Qror = \/Q%m + Q%02 + QZT04 (10'8)

Even more, if the phonon modes are not coupled, e.g., well separated in the frequency,
even each (27 should be temperature independent as well. As it follows from Equation
(10.7), if the phonon frequency wro; changes with temperature it should be accompanied
by a change of dielectric strength Agro;, and according to Equation (10.6) also the static
permittivity &0) must change.
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Figure 10.2: a) IR reflectivity spectrum of the KTaO; ceramic measured at room temperature. The
experimental data (black solid line) were fitted using the generalized 4-parameter oscillators
model (Equation (10.3)) (blue dashed line). The calculated &’(@w) and £’’(@) are shown in b) and
c), respectively. Distinctive frequency regions with contributions of the TO1, TO2 and TO4 polar
modes are marked. Band marked with * is a combinational band which does not correspond to the
fundamental vibrational mode.

Table 10.1: Polar mode frequencies wroj and mode-plasma frequencies £2;o; of typical ABOs
perovskites, i.e., KNbO;[226], SrTiO3[227] and PbZrO;[228] in the cubic phase [179]. The room-
temperature data for the KTaO; ceramics obtained in the Thesis (Chapter 4.1.4.1) are also shown.

Material fem™] fem™] fem]
atera & ®ro1  $2roi Ype @ro2 $2ro2 Ype ®ro4 2ro4 ype
KNbO; (710K) 5.53 | 96 1455 Slater | 198 465 Last | 521 918 Axe
SrTiO; 300 K) 5.6 91 1575 Slater | 176 335 Last | 546 680 Axe
PbZrO; (510K) 5.86 | 36 645 Last | 200 898 Slater | 519 686 Axe
KTaO; (300K) 4.3 83 1197 Slater | 201 492 Last | 543 823 Axe

When the ferroelectric material in its cubic phase is cooled towards the ferroelectric

phase transition, interesting phenomena occur. In the case of a displacive phase transition,
when the anharmonicity of phonons is small, the frequency of the TO1 polar mode wro;
strongly decreases with decreasing temperature — it becomes “soft”; therefore it is called
the soft mode (SM). At the phase transition point the crystal loses its stability against the
soft mode vibration and a lower symmetry polar phase appears. Above the transition, the
temperature of the soft mode is described by the Cochran law [229] (Equation (10.9)):

w?y = AT —Tp), (10.9)
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where A4 is a constant and 7, is the Curie temperature. If the phonons are not coupled, the
parameters of the TO2 and TO4 phonons do not change anomalously with temperature
(hard phonons). In this case, the Cochran law for the static permittivity g(0) results in the
Curie-Weiss law (Equation (1.1)). The Curie-Weiss constant is defined as C = Do/d =
Agsyr @°r01/A [225].

In the case of incipient ferroelectrics at low temperatures the soft mode levels off due
to quantum fluctuations according to the modified Barrett formula [230]:

T T
2 _ A[(_l) th(—l)—T] 10.10
where the temperature T; denotes the temperature where the quantum fluctuations start to
play a role. The crossover between the Curie-Weiss and Barrett-type behavior is in our
case observed near 30 K.

The above described dynamics of the soft mode holds for the displacive ferroelectric
phase transitions. In the case of order-disorder transitions, in which the lattice has a
strongly anharmonic character, the picture is quite different. Softening of any polar
phonon is not observed and all the polar modes remain hard; instead, a new dispersion of
the relaxation type appears below the polar modes’ frequencies (usually in the MW range)
and is related to the hopping of the disordered atoms among the available sites. This
dispersion can be described with the model of Debye relaxation:

Aspwp

(10.11)

e (w) = ger + ,
@) = et +o
where gisr is the high-frequency dielectric contribution of the electrons and polar modes,
while Agg is the dielectric strength of the relaxation. The wy is the relaxation frequency,
which decreases on cooling to the transition temperature according to:

wp = Ap(T — T,). (10.12)

Again, for the static permittivity &) the Curie-Weiss law (Equation(1.1)) is obtained.

In reality, pure displacive and order-disorder type dynamics are only limiting
situations. The anomalies around the ferroelectric phase transition often show features of
both. In the case of BaTiOs, softening of the soft mode above the transition temperature
has been experimentally confirmed, indicating displacive phase transition. However, an
additional relaxation dispersion, which substantially contributes to the static permittivity
g(0) value, appears near the transition point. The dispersion can be modeled with the
Debye relaxation (Equation (10.11)) and is called the central mode (CM). It is indicating
that the ferroelectric phase transition is at least partially of the order-disorder type. As an
example, the combined THz and IR reflectivity spectra of the BaTiO; single crystal
measured along Ps in the tetragonal ferroelectric phase (298-398 K) are shown in Figure
10.3. [207] The calculated ¢”’(w) and &’(w) are also shown. Dispersion regions arising
from the Last, Slater and Axe polar modes of A; symmetry, can be nicely observed. The
contribution of the central mode is present in the lower frequency range (marked with D),
and is especially strong in the vicinity of the phase transition (7¢ = 395°C).
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Figure 10.3: Real &£'(w) and imaginary &"(w) parts of the complex permittivity of the BaTiO;
single crystal measured from 298 K to 398 K. The probed electric field E(w) was polarized
parallel to the spontaneous polarization Ps (modes are of the A; symmetry). Central (Debye
relaxation), Last, Slater and Axe modes are marked with letters D, L, S and A, respectively. THz
data are shown as symbols. Figure is taken from Hlinka et al[207].

The authors made an attempt to determine the origin of the central mode by molecular
dynamics (MD) simulations based on the order-disorder Comes-Guinier-Lambert model
[231]. Within this model, the tetragonal phase of the BaTiO; with the spontaneous
polarization P, along (001) direction, corresponds to the preferential fluctuation of the Ti
ions among (111), (1-11), (-111) and (-1-11) quadruplet (Figure 10.4). These “ground”
states are stabilized by the (001) molecular field. On the other side, there are also
“excited” (11-1), (1-1-1), (-11-1) and (-1-1-1) states (Figure 10.4). As confirmed by
matching of the MD simulations with the experimental spectroscopic data, occasional
hops of the Ti ions towards the “excited” states are responsible for the appearance of the
central mode [207].

In addition to BaTiOs;, the crossover between the displacive and order-disorder type

ferroelectric phase transition has been observed in a large number ferroelectric materials
[232].
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Figure 10.4: Eight possible off-center sites of the Ti ion in the tetragonal phase of BaTiO; [231].
The Ti ions mainly fluctuate among the 4 “ground” states (full circles, black arrows).
Occasionally they can also hop towards the excited states (dotted circles, red arrows). These hops
are responsible for the appearance of the central mode. The direction of the spontaneous
polarization Py is presented with blue arrow.
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