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Abstract

Solid-state cooling based on the electrocaloric effect might be a promising
alternative to vapor-compressed refrigeration, not only for its increased efficiency
but also for its role in preventing the emission of hazardous gases. The
electrocaloric effect (ECE) refers to the reversible adiabatic temperature change
that occurs in polar materials when an external electric field is applied or varied.
In ferroelectric materials, the ECE is particularly pronounced at the transition
temperature between the ferroelectric and paraelectric phases. It was shown
recently that ferroelectric thin films in general exhibit excellent electrocaloric
properties due to their capacity to withstand high electric fields, which typically
results in an increase in the adiabatic temperature change. Therefore, the major
aim of this thesis was to study environmentally friendly lead-free compounds for
their feasibility as electrocaloric active layers in epitaxial film architectures

prepared by pulsed laser deposition.

Reports in literature on bulk materials suggest that Nao.sBio.sTiO3z (NBTO)
compounds may be suitable for electrocaloric cooling. Therefore, the growth of
epitaxial NBTO-based thin films was studied, which helps to study the correlation
between composition, microstructure, and functional properties of this material.
Epitaxial films were deposited on different single crystalline substrates applying
a thin epitaxial LaosSro5Co0s layer as the bottom electrode for subsequent
electric measurements. Structural investigation by X-ray diffraction revealed an
undisturbed epitaxial growth on LaAlOs, whereas a significantly smaller
temperature window for epitaxy was found on YAIOs. The differences might be
explained by the lattice misfit resulting in a higher defect density of the
intermediate buffer layer on YAIOs. For all samples, a columnar structure with
additional pores was found leading to substantial surface roughness. Dielectric
measurements revealed significantly decreased permittivity values and increased
losses at elevated temperatures if compared to bulk samples. While polarization
loops at -100 °C indicated a distinct ferroelectric behavior, ambient temperature

data revealed significant resistive contributions due to high leakage currents. As



a result, it was not possible to determine the electrocaloric properties for all
NBTO-based thin films deposited with the indirect method.

In the second part of the thesis, the correlation between structural
properties and the electrocaloric effect was investigated in lead-free epitaxial
Ba1xSrxTiO3 (BSTO) thin films. Here, BSTO thin films with Sr contents ranging
from x = 0 to x = 0.3 were deposited on SrRuOs buffered SrTiOs single crystalline
substrates. X-ray diffraction analysis verified a pure epitaxial growth for all Sr
concentrations and film thicknesses indicating a larger tetragonal distortion if
compared to the bulk material. Dense layers with a low surface roughness were
found in microstructural studies. Temperature and frequency-dependent
dielectric measurements indicate a diffuse phase transition for all samples, where
thicker films showed larger permittivity values. The temperature of maximum
permittivity decreases as Sr concentration increases. Polarization curves
demonstrate a relaxor-like behavior, particularly above room-temperature. The
adiabatic temperature change due to the ECE was determined with the indirect
method showing |AT] values of up to 2.9 K for an electric field change of 750 kV

cm™,



Kurzfassung

Festkorper-basierte Kuhlprozesse basierend auf dem elektrokalorischen
Effektes sind auf Grund der hoheren Effizienz und der Vermeidung
umweltschadlicher Prozessgase eine vielversprechende Alternative zu
klassischen Kompressionskaltemaschinen . Der elektrokalorische Effekt ist dabei
eine reversible adiabatische Temperaturanderung, die in polaren Materialien
auftritt, wenn ein aulieres elektrisches Feld angelegt und geandert wird. In
ferroelektrischen  Materialien ist dieser Effekt in der Nahe der
Ubergangstemperatur zwischen ferro- und paraelektrischer Phase besonders
ausgepragt. In den letzten Jahren wurde dabei gezeigt, dass ferroelektrische
Dunnschichten sehr gute elektrokalorische Eigenschaften aufweisen, da hohe
elektrische Feldern angelegt werden kdnnen, was in der Regel zu einem Anstieg
der adiabatischen Temperaturanderung fuhrt. Zentrales Ziel dieser Arbeit war es
deshalb, umweltfreundliche Bleifreie Materialien hinsichtlich ihrer Eignung als
elektrokalorisch aktive Schicht in epitaktischen Schichtarchitekturen zu

untersuchen, die durch gepulste Laserdeposition hergestellt werden.

Ergebnisse an Massivmaterialien deuten darauf hin, dass Nao.sBio5TiO3
(NBTO)-Verbindungen fir die elektrokalorische Kiihlung geeignet sein kdnnten.
Deshalb wurde das epitaktische Wachstum von NBTO-Dunnschichten
untersucht, um eine mdogliche Korrelation zwischen Zusammensetzung,
Mikrostruktur und funktionellen Eigenschaften herzustellen. Die epitaktischen
Schichten wurden auf unterschiedlichen einkristallinen Substraten hergestellt,
wobei ein dunner epitaktischer LaosSrosCoOs Puffer verwendet wurde, der
spater als untere Elektrode fur elektrische Messungen diente.
Strukturuntersuchung mittels Réntgenbeugung zeigten auf LaAlOs Substraten
ein ungestortes epitaktisches Wachstum, wahrend auf YAIOs ein deutlich
kleineres Temperaturfenster fur Epitaxie gefunden wurde. Dieser Unterschied
kann durch die grof3ere Gitterfehlpassung zum YAIOs erklart werden, die zu einer
Akkumulation von Defekten in der Pufferschicht fuhrt. Fur alle Schichten wurde
eine kolumnare Struktur und eine klar erkennbare Pordsitat beobachtet, die zu
einer deutlichen Oberflachenrauheit fuhrten. Im Vergleich zu Massivproben

zeigten dielektrische Messungen oberhalb von Raumtemperatur geringere



Dielektrizitatskonstanten und hohere Verluste. Mit Polarisationsmessungen
bei -100 °C konnte ein klares ferroelektrisches Verhalten nachgewiesen werden,
wahrend hohere Leckstrome und ein daraus resultierendes resistives Verhalten
bei Umgebungstemperatur beobachtet wurden. Aus diesem Grund war es nicht
moglich, die elektrokalorischen Eigenschaften von NBTO-basierten

Diinnschichten mit Hilfe der indirekten Methode zu bestimmen.

Im zweiten Teil der Arbeit wurde der Zusammenhang zwischen den
strukturellen Eigenschaften und dem elektrokalorischen Effekt an bleifreien
epitaktischen Ba1xSrxTiOs (BSTO)-Dunnschichten untersucht. Dabei wurden
BSTO-Schichten mit Sr-Gehalten von x = 0 bis x = 0,3 auf SrRuOs gepufferten
SrTiOs  Einkristallsubstraten abgeschieden. Die Rontgenstrukturanalyse
bestatigte das epitaktische Wachstum fur alle Sr-Konzentrationen und
Schichtdicken, wobei eine zusatzliche tetragonale Verzerrung im Vergleich zum
Massivmaterial beobachtet wurde. Mikrostrukturelle Untersuchungen zeigten
dichte Schichten mit einer geringen Oberflachenrauheit. Temperatur- und
frequenzabhangige Messungen der dielektrischen Eigenschaften weisen auf
einen diffusen Phasenubergang hin, wobei dickere Schichten hdhere
Permittivitatswerte aufwiesen. Die Temperatur der maximalen Permittivitat nimmt
dabei mit steigender Sr-Konzentration ab. Polarisationsmessungen zeigten
insbesondere oberhalb von Raumtemperatur ein relaxorahnliches Verhalten. Die
adiabatische Temperaturanderung |AT] durch den ECE wurde indirekt bestimmt

und erreichte Werte von 2.9 K bei einer Feldanderung von 750 kV cm™".
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1. Introduction

Global warming is one of the most pressing issues in the twenty-first
century with the year 2020 being the second warmest year on record [1]. This is
linked to higher levels of greenhouse gases in the atmosphere, such as carbon
dioxide (COz2) and methane (CHa) [2-5]. Refrigeration technology, which includes
all types of cooling systems, air conditioning systems, and heat pumps,
represents almost 20 % of world electricity consumption [6] and accounts for
about 8 % of worldwide greenhouse gas emissions [7]. These emissions are
caused by the direct release of greenhouse gases, mainly fluorinated
substances, which are employed as refrigerants and, in some situations, have a
thousand-fold larger global warming effect than CO2 [8]. Significant effort has
been invested in creating novel refrigeration processes in attempt to extend the
advantages of artificial cooling while also limiting, eliminating, and hopefully
reversing these environmentally devastating outcomes. Liquids and solids are
excellent candidates for novel refrigeration techniques not only because their
higher mass density results in a higher energy density, but also because they do

not emit hazardous gases.

Numerous industries regard innovative cooling methods as a critical
component of their system design. A case in point is superconductor-based
technology, which necessitates extremely precise cryogenic temperature control.
On the opposite end of the spectrum are the hybrid and electric vehicle industry,
which is harmed by the excessive heat created by a vehicle's mechanical and
electrical systems, hence limiting the electrical systems' efficiency, dependability,
and cost. Another illustration is the microelectronics industry. Electronic
miniaturization has garnered considerable attention in recent years as a result of
the rising need for small, complicated, and lightweight devices that incorporate a
significant number of electronic components, i.e., integrated circuits. Demands
from throughout the industry for more efficient, versatile, and environmentally
friendly refrigeration have pushed solid-state refrigerators to the forefront as

possible solutions for a new generation of refrigeration systems [9].



Caloric cooling is a new type of solid-state cooling that has the potential to
be a viable alternative to traditional compression refrigeration [9-11]. Caloric
effects are described thermodynamically in terms of the fundamental Carnot
cycle as the isothermal entropy changes |AS| and adiabatic temperature changes
|AT] that a material endures in response to changes in an external field. Indeed,
solid-state caloric effects are fundamentally similar to vapor compression: To
exchange a large amount of heat, caloric effects are typically sought near first-
order phase transitions [10-12], where the transition is driven cyclically forward
and backward by suitable external fields such as magnetic, electric, or
mechanical, resulting in magnetocaloric, electrocaloric (ECE), elastocaloric, and
barocaloric effects [13, 14]. The ECE, like other caloric phenomena, happens as
a result of a rearrangement of the inner structure of electrocaloric materials;
particularly, if the transformation is adiabatic, the material's entropy decreases,
resulting in an increase in the material's temperature [15]. The electrocaloric
effect, first observed by Kobeko and Kurtschatov in 1930 in Rochelle salt [16], is
a reversible phenomenon. Consequently, the opposite behavior (a decrease in
the material's temperature) occurs when the electric field is removed
adiabatically. The cyclic application and removal of the electric field, alternating
with heat transfer to or from the electrocaloric material, provides life to the
thermodynamic cycles at the base of electrocaloric cooling. Electrocaloric
refrigeration is a relatively new technique among the caloric ones, having
garnered significant interest from the scientific community only in the last decade,
particularly for applications at room-temperature [15], owing to its potential and
the environmentally friendly nature of its refrigerants [17]. The tipping point was
the finding of the enormous electrocaloric effect in PbZro.95Tio.0s03 [18], which
resulted in a significantly higher adiabatic temperature shift than the ECE

observed before in other materials [9].

Due to the toxicity of lead-containing materials, researchers have studied
new eco-friendly materials for electrocaloric cooling [19]. Lead-free materials,
such as BaTiOs (BTO) [20, 21], Nao.sBio5TiOs (NBTO) [22], Ba1xSrxTiOs (BSTO)
[23], SrBi2Ta209 [24], P(VDF-TrFE) [25], and P(VDF-TrFE-CFE) [26], among

others are being investigated for use as lead-free alternatives.



The present work utilizes NBTO and BSTO thin films to further examine
the material system's promising features and to obtain a deeper knowledge of the
underlying physical processes, which is critical for the future development of
electrocaloric materials. Epitaxial layer growth is used to achieve a well-defined
structure and hence a better understanding of the link between microstructure,

ferroelectric, and electrocaloric characteristics.

Pulsed laser deposition has been established for the fabrication of
epitaxial thin layers, as this approach permits stoichiometric layer development
and is characterized by a fairly simple test setup. The difficulty in the deposition
of oxide thin layers is to establish process parameters in such a manner that the
development of the required perovskite structure is not accompanied by
secondary phase growth. Chapter 3 of this dissertation describes the
experimental setup for the deposition and the study methods utilized to

characterize the deposited thin films.

The impact of deposition settings and composition on the structural
characteristics of NBTO-based thin films are discussed in Chapter 4. The growth
conditions for epitaxial growth were improved, and the resultant thin films were
characterized using a variety of methods. The electrical properties of materials
generated using optimal deposition conditions are then tested, and their

usefulness for ECE is concluded.

Chapter 5 discusses the effect of the composition of BSTO-based thin
films on their structural and electrical characteristics. As with Chapter 4, the
produced thin films were characterized using a variety of techniques and their
electrical characteristics were determined. Based on the indirect method, the

electrocaloric properties of this material are reported.
The findings of this work are summarized in Chapter 6.

The results of this research study have been published in two peer-

reviewed scientific publications:

Magalhaes B., Engelhardt S., Molin C., Gebhardt S.E., Nielsch K., Hihne
R. Structural and Electric Properties of Epitaxial Nao.sBio.sTiO3-Based Thin Films.
Coatings. 2021;11(6):651.



Magalhaes B., Engelhardt S., Molin C., Gebhardt S.E., Nielsch K., Huhne
R. Electrocaloric temperature changes in epitaxial Ba1-xSrxTiOs films. Journal of
Alloys and Compounds. 2022;891:162041.



2. Theoretical background

This chapter discusses the theoretical foundations of the electrocaloric
effect and the electrocaloric cooling cycle with its key aspects. Additionally, it
analyzes relevant contributions to the field of solid-state cooling, examines the
electrocaloric materials and their properties, and acknowledges the ongoing

research on the electrocaloric effect.
2.1. Electrocaloric effect

The electrocaloric effect is the change in isothermal entropy |AS| and
adiabatic temperature |AT] that occurs when a polar material is exposed to an
external electric field, E [9, 11, 12, 27]. This effect may be demonstrated
experimentally, for example, by doing a direct temperature measurement in which
an electrical voltage, V, is applied as a function of time in a capacitor-like setup,
generating an electrical field in the material. Figure 2.1 (a) shows a schematic
representation of an ECE profile as a function of time (adapted from [11]), and
(b) illustrates a direct measurement on a multilayer capacitor made of BaTiOs

using a scanning thermal microscope [28].
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Figure 2.1 - Direct measurement of the ECE: a) Schematic representation of an ECE profile

as a function of time measured directly under near adiabatic conditions (adapted from [11]);

(b) Adiabatic temperature change |AT] of a BaTiOsz-based ceramic multilayer chip capacitor

using a scanning thermal microscope [28].



When an electrical voltage is applied, the sample's temperature instantly
rises, and when the voltage is withdrawn, the sample rapidly cools. This
phenomenon occurs as a result of changes in the system's entropy produced by
the external electric field. The starting temperature is reset after a few seconds
due to heat exchange with the surroundings. A system's entropy includes
contributions from polar and thermal subsystems. When an electric field is applied
to a polarizable material, it causes the dipoles to align along the direction of the
field, resulting in a decrease in dipole entropy. Because the change in total
entropy must be zero under adiabatic circumstances, a rise in thermal entropy
contribution occurs concurrently, increasing the lattice vibrations and the
material's temperature. In the absence of an external field, the order of the dipoles

diminishes, and the material's temperature falls.

Considered to be a highly viable option to vapor compression refrigeration
and integrated circuit thermal management, the ECE has not always been viewed
positively. It was observed for the first time in Rochelle Salt [12, 16] and quantified
by Hautzenlaub in 1943 [29]. Although only a small electrocaloric temperature
change was detected, these studies sparked research in the field of electrocaloric
cooling, with a particular emphasis on the creation of new materials with
increased cooling capability. In particular, Karchevskii discovered that the
maximum electrocaloric performance occurs around phase transitions [30].
Ferroelectric materials were therefore identified as the best electrocaloric
materials among all pyroelectric compounds. In 1977, Raghebaugh tested a
cryogenic electrocaloric device [31], which was the very first concept for an
electrocaloric refrigerator. It used SrTiOs ceramics with an electrocaloric
temperature change of about 0.3 K. Meanwhile, the prospect of other
electrocaloric cooling applications began to emerge, most notably for room-
temperature operation. In this regard, an antiferroelectric
Pb(Zro.455Sn0.455Ti0.09)O3 ceramic [32] has been proposed for room-temperature
cooling applications due to its electrocaloric temperature change of ~ 1.6 K. Due
to the fact that the phase transition temperature and electrocaloric impact of lead
scandium tantalate, PbSco.5Tao.503, could be modified by processing, the system

gained substantial interest in room-temperature electrocaloric cooling. In a



multilayer structure, this system demonstrated a noteworthy electrocaloric
temperature shift of ~ 2.4 K [33].

Nonetheless, the fact that bulk materials exhibit a negligible electrocaloric
effect in comparison to their magnetic and thermoelectric counterparts resulted
in only a small number of research groups devoting their efforts to the
development of electrocaloric refrigeration, limiting their application to
commercial refrigeration devices. This view of electrocaloric materials would shift
dramatically in 2006 when a "giant" electrocaloric temperature change of ~ 12 K
was indirectly measured in PbZro.esTio.0s03 thin films at the antiferroelectric-
paraelectric phase transition at 225 °C [18]. The phenomenon was explained by
the ability to apply a stronger electric field in thin films if compared to bulk. Two
years later, a paper was published on the significant electrocaloric effect (up to
12 °C) seen at 70 °C in thin films of polyvinylidene fluoride-trifluoroethylene
[P(VDF-TrFE)] [34]. These two publications laid the groundwork for renewed
interest in electrocaloric research, resulting in a new and exciting age for
electrocaloric cooling. Since 1970, a total of 5051 scientific publications [35] have
been published. Nonetheless, approximately 92 % of these studies were
published since 2000 (figure 2.2). The vast majority of these are concerned with
the creation of novel ferroelectric thin films with enhanced electrocaloric effects
at ambient temperature. Recent research has also shown the existence of a
"negative electrocaloric effect," in which the sign of the temperature change is
inverted. This was initially determined in an indirect manner using relaxor
Nao.sBio5TiO3—BaTiOs ceramics. The phenomenon has been linked to the
observation of a relaxor effect between the ferroelectric and antiferroelectric
phases [36]. The coexistence of a positive and a negative electrocaloric action
was later demonstrated in relaxor 70PbMg13Nb2/303-30PbTiOs single crystals
across different phases of the phase diagram [37]. Negative electrocaloric effect
is connected with free energy changes generated by an electric field, according
to the paper above mentioned. Since then, avenues of study have been proposed
to better understand the reversal sign of some materials' electrocaloric reaction

and its potential for use in cooling devices [37, 38].
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Figure 2.2 - Number of yearly publications on ECE from 2000 to 2021 [35].

Notwithstanding such rapid advancements in the field of electrocaloric
materials, several concerns have been raised about the accuracy of
electrocaloric effect measurements in thin films. ECE measurements in thin films
are frequently determined from pyroelectric coefficient measurements rather than
direct electrocaloric measurements, which introduces inaccuracies due to the
assumptions used to relate the two effects. Additionally, direct measurements of
the ECE are difficult due to the film's low heat capacity, deviations from adiabatic
conditions, and heat transmission to temperature measuring instruments,
substrates, and connections. However, a few attempts to directly quantify the
electrocaloric effect in bulk and thin films were published [39], suggesting good

agreement with indirect measurements.
2.2. Electrocaloric effect cooling cycle

The fundamental concept of an adiabatic cooling cycle is that entropy S,
varies with both temperature T and applied electrical field E under adiabatic
conditions. The application of an external electric field causes changes in the

polarization of a dielectric material from a less ordered to a more ordered state



[40-42]. This results in a decrease in the entropy of the material and an increase
in its temperature. As this process is reversible, the opposite happens when the
electric field is removed. Entropy increases in this situation (due to the disordered
structure of the dipoles in a dielectric substance) and the temperature of the
material falls [12, 13, 15, 43]. A cooling cycle is generated by cyclically inducing
this condition in a material by applying and removing an external electric field,

including heat transfer to or from the system.

A number of publications describe the application of the ECE in a cooling
circuit [6,10,11,19,31], which is schematically depicted in figure 2.3. Along with
the Brayton cycle explained below, there are other variations, including Carnot,

Ericsson, and Stirling cycles [44, 45].
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Figure 2.3 - Electrocaloric cooling cycle. Adapted from [12].

At the initial state (A), an external electric field (E) is applied to an
electrocaloric material at To under adiabatic conditions. This leads to state B,
showing an improved alignment of dipoles and a subsequent decrease of the
system entropy (JAS]), which leads to an increase in the system temperature to
To+ |AT] (AQ = 0). From state B to state C, the heat is subsequentially transferred
to a heat sink (AQ < 0), further decreasing |AS| so that the system temperature



drops again to To. By removing the electric field under adiabatic conditions, the
dipoles return to a more misaligned state increasing |AS|, thus decreasing the
temperature of the system to To - |AT] (AQ = 0). The cooling cycle is complete

when the system absorbs heat from a heat sink and returns to To (AQ > 0).
2.3. Comparison of different caloric effects

Caloric materials undergo reversible temperature changes, referred to as
caloric effects when the applied driving field changes. The caloric effects are
induced by electric, magnetic, and mechanical fields (electrocaloric (ECE),
magnetocaloric (MCE), and mechanocaloric (mCE), respectively). These thermal
changes are characterized as changes in adiabatic temperature |AT], isothermal
entropy |AS|, and isothermal heat Q. The first-order phase transition is widely
recognized as the most advantageous for enhancing caloric response [46]. While
the first-order transition produces larger caloric responses, it has significant
disadvantages. Indeed, because the caloric peak around the first-order phase
transition is sharp, it often results in a smaller working temperature range than
the wide caloric peak associated with a second-order phase transition.
Additionally, simultaneous hysteresis losses associated with the first-order-like
character are harmful to caloric response, whereas there are no hysteresis losses
connected with the second-order transition [10]. Table 2.1 shows some adiabatic
temperature changes reported in the literature for the ECE, MCE, and mCE,
which can be divided additionally into an elastocaloric effect (eCE) and a
barocaloric effect (bCE).

10



Table 2.1 - Adiabatic |AS| and |AT] on different caloric effects.

Magnetocaloric

Material T(K) |AS|(JK'kg') |AT](K) Ref.
Gd 294 11 13 [47]
MnAs 317 34 13 [48]
MnFePo.45As0.55 308 18 9.8 [49]
Mn1.24Fe0.71Po.46AS0.54 320 12 3 [50]
Nis2.6Mn23.1Gaz4.3 300 18 12 [51]
Electrocaloric
Bao.65Sr0.35Ti0.997MnN0.00303 293 4.8 3.1 [52]
PbZro.95Tio.0503 499 8 12 [18]
0.93PMN-0.07PT 298 11 9 [63]
P(VDF-TrFE) 323 130 28 [54]
Elastocaloric
Fess.sPds1.2 240 4.2 2 [55]
Nis0.7Tis9.3 295 8.5 11 [56]
Cus4.6Zn33.7SN1.7 296 15 12 [57]
Cuesg.6ZNn27.7SNn2.7 308 22 14 [58]
NiTi 295 32 17 [59]
Barocaloric
Nis9.26Mn3s.08IN14.66 293 24 4.5 [60]
GdsSi2Ge2 270 11 1.1 [61]
LaFe11.33C00.47Si1.2 237 8.7 2.2 [62]

2.4. Electrocaloric materials

In an electrocaloric cooling cycle, the electrocaloric material is the key
component since thermal energy is conducted in and out through the material,
increasing and decreasing the temperature. Its cooling efficiency is dependent on

its capacity to produce and reverse thermal energy. The functionality of an
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electrocaloric refrigerator is governed by the properties of the electrocaloric
materials. Based on their structural parameters, electrocaloric materials may be
separated into three distinct groups: single crystals, polycrystalline ceramic
materials, and polymers, which can be further divided based on their form and
thickness (bulk, thick and thin films). The fundamental hurdle to the mechanical
robustness of an electrocaloric material is its long-term exposure to relatively
large changes in the electric field throughout the electrocaloric cooling cycle. This
leads to high tensions in the interior structure, which produces an

electromechanical breakdown.

Single crystals are materials with a homogeneous crystallographic
structure (i.e. with the absence of grain boundaries). Due to the crystallographic
structure, the mechanical stability depends on the magnitude of the lattice
changes under an electric field. If the change in the lattice is significant, it may
result in a fracture of the crystal structure. The opposite can be seen for PMN-
PT, where the changes in the unit cell are small, enabling the use of higher

electric fields.

Polycrystalline ceramics materials, with electrocaloric characteristics, are
inorganic materials that might be structured in bulk, thick, and thin films. Even
though the material's composition is the same, higher electric fields can be
applied to a thick or thin film rather than the bulk form. This is related to the
distance between electrodes, as larger voltages are required for bulk for the same

magnitude of the electric field, increasing the risk of electrical breakdown.

The polymers demonstrating an electrocaloric effect are all based on the
polyvinylidene-fluoride P(VDF) copolymers that, without the presence of an
electric field, are crystallized in a non-polar state, which is connected to the lowest
energy configuration. During the polymerization process, various flaws might be
intentionally inserted in form of the following monomers: trifluororthylene (TrFE),
vinylidene difluoride (VDF), and chlorofluoroethylene (CFE). Different
electrocaloric answers might be detected, depending on the kind and the quantity

of the defects induced, and the polymers are all organized in thick or thin layers.

One of the most critical factors to examine when developing electrocaloric

materials is the link between the ECE and the change in entropy and polarization
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due to the applied electric field. For a significant ECE, an external electric field
must generate a substantial entropy shift related to the polarization change.
These criteria are ideally met when the electrocaloric material is slightly above its
ferroelectric transition, which allows for significant polarization changes. At the
transition temperature, the ECE is greatest, and it progressively fades as the
system enters the paraelectric state. Additionally, a strong ECE can be induced
by structural rearrangements that result in substantial entropy shifts. As an
example, Shebanovs et al. found that a substantial structural rearrangement
occurs at the phase transition of PbSc12Ta1203 leading to a large change in
entropy and cell volume. This resulted in a |AT] of 2.3 K, at 138 kV cm, in the
Curie temperature range of Tc + 5 K [33]. However, because cooling cycles
cannot be established within such a small temperature range, more studies have
focused on systems having a diffuse ferroelectric transition, such as disordered
crystals and relaxor ferroelectrics. Thus, the selection of an electrocaloric
material should take into account the properties of the material, such as structure,
order of phase transition, dielectric properties, morphotropic phase boundaries,
conductivity, and electric breakdown strength. Several of these properties are

discussed in further detail below.
2.4.1. Electrical and thermal hysteresis

The difference between a real electrocaloric refrigeration cycle from an
ideal reversible Carnot cycle is due to multiple irreversible processes (thermal
and electrical hysteresis) inherent in the electrocaloric material or thermodynamic
device (losses during heat exchange). Thermal hysteresis is frequently found
near a first-order phase transition in ferroelectric materials, which experiences a
discontinuous polarization change. Simultaneously, the "glassy" nature of
relaxors caused by polar nano-regions at low temperatures results in a non-
ergodic response, which is manifested in the electrocaloric performance as a
significant thermal hysteresis. Experiments on 93PbMg1/3Nb2303-7PbTiO3 thin
films showed substantial thermal hysteresis. While the ECE cannot be precisely

defined in the absence of thermal equilibrium, a |AT] can still be obtained [53].

Ferroelectric materials, on the other hand, display considerable electrical
hysteresis. Electric hysteresis occurs when an applied electric field is varied.
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When a sufficiently strong field is applied, the domains align with the field
direction, resulting in polarization saturation. Certain domains revert to their
original state when the field strength is decreased. Nonetheless, not all the
domains are reverted, thus even at zero electrical field, the polarization remains
higher than zero. This means that the electric field must be reversed to obtain

zero polarization.
2.4.2. Order of phase transition

All materials exhibiting an adiabatic temperature change based on the
ECE may be classified according to the nature of the phase transition from the
ferroelectric to the paraelectric state, i.e. as first or second-order phase transition.
In both circumstances, the electrocaloric material undergoes a phase transition
at the Curie temperature (T¢). It should be noted that Tc is the temperature at
which the electrocaloric impact is most prominent in terms of isothermal entropy

change and adiabatic temperature changes [15, 63].

If the polarization in dependence on temperature exhibits a discontinuity,
the transition is defined as first-order (figure 2.4 (a)). Due to the coexistence of
two phases in equilibrium and the resulting presence of latent heat, this type of
transition is not immediate. Indeed, applying an electric field to a material with a
first-order phase transition can cause the material to shift from paraelectric to
ferroelectric behavior. Additionally, the existence of latent heat during the phase
transition suggests that heat is dissipated throughout the polarization process,
which affects the electrocaloric material's final temperature. As a result, thermal
hysteresis exists. While first-order transition materials exhibit large adiabatic
temperature fluctuations (around the Curie temperature), the ECE is localized in
a narrow temperature range. The difference in polarization between the first-order

phase transition and the second-order phase transition is shown in figure 2.4:
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Figure 2.4 - Schematic dependence of the polarization on temperature for different
applied electric fields for a: (a) first-order phase transition and (b) second-order phase

transition [10].

In an electrocaloric material, a second-order phase transition occurs when
the polarization changes continuously. Due to the continuity of the polarization
and the absence of latent heat in the phase transition, second-order phase
transition materials exhibit no thermal hysteresis. As a result, the adiabatic
temperature change is close to instantaneous, and second-order phase
transitions display no visible volume changes. On the other hand, the
electrocaloric effect demonstrated by second-order materials has smaller peaks
than those observed in first-order phase transitions (with an equivalent intensity
change in the electric field), but it is more uniform throughout a wide temperature
range. [18, 63].

2.4.3. Morphotropic phase boundaries and critical points

One strategy to increase the ECE is to operate in areas of the phase
diagram near critical points (CPs), which have lower energy barriers for switching
between phases. Due to the coexistence of many polar phases near the CP,
entropy is enhanced in this area [64]. This results in an increase in ECE [64], as
Qian et al. demonstrated in Zr-doped BaTiOs close to the critical point [65].
Additionally, an invariant critical point has been demonstrated in materials having
a morphotropic phase boundary (MPB), where the number of possible polar
phases in the composition-temperature-electric field phase diagram is
maximized. In a binary phase diagram, an MPB is a roughly perpendicular line
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that divides two structural phases, such as tetragonal and rhombohedral. Some
of the greatest ECE performances yet reported have been discovered in Pb-
containing compounds that are near their MPB, such as PMN-30PT [39]. The
ECE has also been observed for several lead-free materials with compositions
close to the CP, such as Sr-doped NBTO-BTO [66, 67]. Nao.sBaosTiO3 (NBTO)
has been reported to form solid solutions with a variety of ferroelectric materials,
including BTO or KNbOs, and many MPBs have been reported [68, 69]. The
NBTO-BTO phase diagram indicates an MPB at 6 % BTO, with coexisting
rhombohedral, tetragonal, and cubic phases [68]. Near this composition, NBTO-
BTO exhibits the best electromechanical properties, including polarization and
piezoelectric coefficient, with NBTO-06BTO being investigated for electrocaloric

cooling [70].
2.4.4. Dielectric strength

When the electric field strength is increased, the dipole entropy and the
associated ECE temperature changes increase until they reach a saturation
point. This condition exists when all dipoles along the field are perfectly aligned.
Saturation is not possible in bulk materials because, below the required field
strength, an electric breakdown occurs [71]. This suggests that the ECE
temperature change is significantly limited by the dielectric strength of the
material. This electromechanical breakdown results from defects in the structure
[71, 72]. In general, the dielectric strength for layers increases with decreasing
layer thickness [73]. If the dielectric strength could be greatly enhanced, a

considerable rise in the ECE temperature change may be achieved.
2.4.5. Conductivity

ECE materials must have an extremely low conductivity. Any increase in
conductivity results in an increase in leakage current and hence in Joule heating.
With rising field strength, the Joule heat effect becomes more prominent. Such a
system gets warmer rather than cooler during a cooling cycle and with an
alternating field, which may be rather evident in a cyclic fluctuation of the electric

field. The Joule heating increases the apparent EC heating effect, which can be
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quantified by comparing the observed ECE when the electric field is applied to

the measured ECE when the electric field is withdrawn.
2.5. Anisotropy of the electrocaloric effect

According to Maxwell's laws, the ECE is a tensor property, which implies
that it is orientation and direction-dependent [74]. Sebald et al. [75] conducted an
experiment on PMN-PT 75/25 crystals cutin the [001], [110], and [111] directions.
The electrocaloric effect is substantially stronger in the [111] crystal than in other
crystals or a random-oriented grain ceramic sample. Marathe et al. [76] have
shown that BTO exhibits significant anisotropy. For temperatures greater than the
paraelectric-to-ferroelectric phase transition temperature, the temperature
dependency is consistent across all field directions ([001], [011], and [111]).
Nonetheless, its amplitude is direction-dependent and is greatest when electric
fields are applied in the [001] direction. |[AT| demonstrates a substantial difference
for distinct field directions in the temperature zones around the ferroelectric-
ferroelectric (orthorhombic and rhombohedral) transition. By taking anisotropy

into account, the electrocaloric response may be optimized more effectively.
2.6. Ferroelectricity and ferroelectric materials

Pronounced electrocaloric effects were observed primarily in ferroelectric
materials [9, 10, 12, 14, 22, 43, 77-79]. Ferroelectricity is a type of polar dielectric
in which the polarization may be altered between two or more stable states when
an electricfield is applied [80, 81]. Valasek [82] discovered in 1920 that an electric
field could be used to modify the polarization of Rochelle salt. Since then, it was
increasingly understood that ferroelectrics represent a class of materials that
exhibit not only the piezoelectric and pyroelectric effects but also other inherent
features [80, 83-89]. The structural phase transition of the maijority of ferroelectric
materials occurs when they shift from a high-temperature paraelectric phase to a

low-temperature ferroelectric phase.

The Curie temperature (T¢) is used to mark this transition. The transition
may occur abruptly (first-order) or continually (second-order). Above Tc, the

permittivity follows the Curie-Weiss law:

17



_cC
T =Ty

£ (2.1)

where Tcwis the Curie-Weiss temperature (To < T¢) and C is the material-
specific Curie constant. A number of ferroelectric materials, for example, barium
titanate, BaTiOs (BTO), undergo multiple phase transitions into subsequent
ferroelectric phases. Only the temperature at which the first ferroelectric phase
transition occurs is referred to as the Curie temperature. The transition to the
ferroelectric phase typically results in significant anomalies in the material's
dielectric, elastic, and thermal properties [90], as well as in changes in the crystal
unit cell, resulting in spontaneous polarization and entropy. The transition from
the paraelectric to the ferroelectric phase results in a shift in the center of charge
of different ion sublattices. The BTO structure's cubic and tetragonal unit cells are
schematically depicted in figure 2.5. Ba?* is located on the A-site at the corners
of the cubic unit cell, while Ti4* is located on the B-site in the unit cell center. The
O?- anions are arranged at the unit cell's face centers and form BOs octahedra
[90]. The development of spontaneous polarization in BTO is attributed to a shift
of the Ti** and O?~ ions relative to the Ba?* ion at the origin. The resulting electric
dipole moment is the spontaneous polarization, Ps. The onset of spontaneous
polarization is accompanied by changes in the unit cell's size. The unit cell
becomes tetragonally deformed during the transition from the paraelectric to the
ferroelectric phase at T¢c = 130 °C. The related Ps is perpendicular to the crystal's

c-axis.
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Figure 2.5 - Cubic and tetragonal unit cell of the perovskite structure.

Due to the symmetry of the cubic unit cells, the spontaneous polarization
occurs with equal probability along any direction (including positive and negative)
thus, in the tetragonal structure, there are six possible orientations for Ps. The
directions in which the spontaneous polarization emerges are determined by the
sample's electrostatic and mechanical boundary conditions [74, 89, 91].
Ferroelectric domains are portions of the crystal with evenly aligned Ps. The
domain wall is the boundary between two domains. Matthias and Von Hippel [92]
observed domains and domain walls, as well as the effect of temperature and
electric fields on domain formation. They demonstrated that the domain structure
is visible below the Curie temperature and that the domain size changes in

response to external electric fields.

Ferroelectric domains limit the electrostatic energy associated with
depolarizing fields and the elastic energy associated with mechanical restrictions
to which the ferroelectric material is exposed throughout the paraelectric—
ferroelectric phase transition [90, 91, 93, 94]. At T¢, the spontaneous polarization
begins, and a surface charge is formed. This charge on the surface generates an
electric field, referred to as a depolarizing field Ep, that is perpendicular to Ps.
When there is an inhomogeneous distribution of spontaneous polarization or
when the direction of polarization changes at grain boundaries, the formation of

the depolarizing field occurs.

Domain boundaries can be moved in either a reversible or irreversible

manner. Reversible domain wall displacements occur when domain walls move
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around a local energy minimum, whereas irreversible domain wall displacements
occur when domain walls leap between local energy minimum separated by a
potential barrier [80]. When the applied electric field is small, the polarization
increases linearly (figure 2.6 (a), (1 = 2). However, the applied electric field is not
sufficiently strong to switch the domains that are not oriented along the electric
field direction. With increasing electrical field, these domains begin to polarize
along the field direction (2 — 3) and restore a linear change in polarization from
3 — 4. When the field strength decreases, certain domains switch back, although
the polarization remains nonzero at zero field (4 — 5). To achieve a condition of
zero polarization, the field must be reversed (5 — 6). Increases in the negative
direction of the field will result in a new alignment of dipoles and saturation (6 —
7). After that, the field strength is lowered to zero and the cycle is completed. The

remanent polarization, Pk, is the value of polarization at zero field (point 5).
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Figure 2.6 - Polarization-electric field hysteresis loop of a ferroelectric material: (a)
Schematic ferroelectric P(E) hysteresis loop; (b) Schematic P(E) hysteresis loops for

single crystals, ceramics, and thin films.

Some domain walls will back-switch when the field is lowered. As a result,
with zero electric field (E), there is a non-zero macroscopic polarization, the
remanent polarization (Pr). To restore the polarization to zero, an electric field in
the opposite direction must be applied. The coercive field (Ec) is the field at which
the polarization returns to zero (6). The observed hysteresis in the P(E) curve is
thus the result of reversible and irreversible domain wall displacement. The

increased field strength in this direction results in the reorientation of the domains
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and ultimately approaches saturation (7). The P(E) loop is completed by reducing

the field strength to zero and then increasing it in the reverse direction.

Thin film ferroelectrics grown on substrates can impose significant
stresses, meaning that the characteristics of ferroelectric thin films can frequently
differ significantly from those of their bulk parent material. The hysteresis of the
P(E) relationship in ferroelectrics shows that polarization is affected not only by
the applied field but also by the history. As can be seen in figure 2.6 (b), the
maximum feasible polarization for various ferroelectrics is greatest for single
crystals and least for thin films. The evident discrepancy may be explained by the
fact that in polycrystalline ceramics, intergranular interactions contribute to strain
restrictions on polarization switching. Each polycrystalline ceramic is composed
of several grains, each of which has a number of domains aligned in different
crystal structure directions. As domains inside a grain attempt to switch
orientations, they are restricted by neighboring grains with different orientations,
i. e., due to the fact that the polarization vector is bound to the unit cell, it cannot
be easily aligned in polycrystalline materials given the fact that rotation of the
crystal structure in single grains is not possible. In thin films, the substrate
interface further restricts the ferroelectric materials' poling ability because an
applied electric field does not cause dimensional changes in a substrate [95].
Optimal P(E) hysteresis loops are symmetric with regard to their origin, which
means that |Ec1| = |Ec2| and |Pr1| = |Pr2|. Many factors can influence the coercive
field, spontaneous and remanent polarization, and loop form, including the
thickness of the film, the existence of charged defects, mechanical stresses,

preparation conditions, and thermal treatment.
2.7. Relaxor ferroelectrics

Ferroelectric materials are frequently characterized by their high dielectric
permittivity [96]. For a conventional ferroelectric material, the permittivity reaches
its sharp maximum value at T¢, which corresponds to the ferroelectric to
paraelectric phase transition temperature (figure 2.7 (a)) [97]. However, some
materials show different behavior with a significantly broadened peak.

Additionally, the temperature at which the permittivity reaches its maximum (Tm)
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shifts to higher temperatures with increasing measurement frequency. Such
ferroelectrics, named relaxor ferroelectrics, have garnered considerable attention
in recent years due to their enigmatic and exceptional dielectric characteristics
[84, 98-105], which remain poorly understood. As already mentioned, the
temperature of maximum permittivity displays a broad peak, exhibiting a
frequency-dependent characteristic [43, 78, 80, 106]. Another property of
relaxors is their temperature dependency on polarization. Above Tpmn, the
polarization of relaxors maintains finite values at relatively high temperatures due
to the preservation of nanoscale polar domains far above Tp, [107]. To help
visualize the distinctions between standard and relaxor ferroelectrics, figure 2.7
(@) to (c) compares permittivity, polarization hysteresis, and spontaneous

polarization.
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Figure 2.7 - Permittivity, and polarization of canonical ferroelectrics and relaxor
ferroelectrics: (a) Comparison of the temperature dependence of permittivity; (b)
Polarization hysteresis; (c) lllustration of the variation of the spontaneous polarization by

function of the temperature of both classic ferroelectric and a relaxor ferroelectric.

The P(E) hysteresis loop in figure 2.7 (b) is a characteristic of ferroelectrics
operating at a low temperature in the ferroelectric phase. The substantial remnant
polarization, Pr, demonstrates the ferroelectric phenomenon's cooperative
character. In comparison, a relaxor features what is known as a thin, s-shaped
loop. When sufficiently strong electric fields are applied, the relaxor's
nanodomains may be orientated in the direction of the field, resulting in significant
polarization; however, when the field is removed, the majority of these domains
revert to their random orientations, resulting in a low Pr as seen in the figure. A
ferroelectric’s saturation and remanent polarizations diminish with increasing

temperature and completely disappear at Tc. The vanishing of polarization at T¢
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is continuous for second-order phase transitions (figure 2.7 (c)) but discontinuous
for first-order phase transitions. Above Tc, there are no polar domains. By
contrast, the field-induced polarization of a relaxor diminishes gradually through
the dynamic transition temperature T, and preserves finite values for higher
temperatures, owing to the persistence of nanoscale polar domains well above
Tm. Despite much research, the structural basis for the relaxor ferroelectrics'
unique physical characteristics remains unknown. Numerous review papers
provide an in-depth examination of the complicated issue and discuss the
numerous models [100, 108-113]. All known models presuppose a disordered
occupancy of crystallographically equivalent lattice sites and the presence of

polar nanoscale regions (PNRs) [110].
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Figure 2.8 - Structure and dielectric properties change with temperature in
compositionally disordered perovskites: (a) canonical relaxors with non-ergodic to
ergodic transitions; (b) relaxors that undergo a transition from the ferroelectric phase to

the ergodic state.

Figure 2.8 (a) illustrates the states and temperatures associated with
relaxor ferroelectrics. In almost all perovskite ferroelectrics, PNRs are detected
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in the nonpolarized, paraelectric phases. The nucleation of the PNRs begins at
the Burns temperature (Tg) and the system transitions to an ergodic state in which
PNRs with differently orientated dipole moments are formed. Above Tg, the PNRs
vanish, and the crystal becomes regular and paraelectric. The shift to the ergodic
state is not a structural phase transition, because the crystal structure remains
cubic on both the mesoscopic and macroscopic scales. However, as the physical
properties change considerably due to the PNRs, it is typically considered a
separate phase in addition to the paraelectric state [110]. PNRs are susceptible
to temperature changes and are mobile in the area of Tg. For canonical relaxors,
the dipole fluctuations decrease and the PNRs become randomly scattered at the
freezing temperature (Ty), implying that their relaxation period becomes infinitely
long with reduced mobility. The significant frequency dependency below the
temperature of maximum permittivity (7») is due to the dipole oscillations in the
PNRs being slowed down. The resulting dipolar glass-like state [114-116], in
which total polarization is canceled in the absence of an external field, exhibits a
number of features in common with the non-ergodic states of a dipole or spin
glasses [100]. Relaxors can also undergo a spontaneous transition from the
ergodic to the ferroelectric phase in a temperature-dependent manner. Figure 2.8
(b) illustrates this behavior graphically. This demonstrates a diffuse phase
transition with Tc being frequency dependent. Accordingly, there may be an

abrupt transition at Tc.
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Figure 2.9 - Electric field-temperature phase diagram of 9/65/35 PLZT ceramics: (a)
Reversibility and irreversibility of phase transitions [122]; (b) Adaptation of (a) by Ma
[121].

Unlike dipolar glasses, canonical relaxors may be induced into a
ferroelectric phase by applying a sufficiently strong electric field [117, 118]. This
is because relaxors are composed of tiny, randomly oriented polar nanoregions
[115, 119, 120] that link to the electric field due to their comparatively high dipole
moments, which is a critical distinction from dipole glasses. Figure 2.9 (a) and (b)
illustrates this fact for a canonical relaxor. The shift from the non-ergodic to the
ferroelectric phase is irreversible, i.e., the ferroelectric phase does not revert to
the non-ergodic condition even after the external field is removed [121, 122]. For
low-bias field strengths, a temperature shift can transition the non-ergodic state
to the ergodic state and vice versa. Relaxors' state shifts and E(T) phase diagram
is also dependent on the mechanism by which the ferroelectric phase is achieved
[123].

2.8. Characterization of the electrocaloric effect

The electrocaloric effect (ECE) is defined as the adiabatic and reversible
change in the temperature of a material in the presence of an applied electric
field. Such measurements must be made as a function of temperature in order to
get insight into not only the size of the ECE but also its temperature dependency,
which are critical qualities for cooling applications. ECE characterization is often

classified into two categories: Indirect measurements, and direct measurements.
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Direct methods are primarily based on the measurement of the adiabatic
temperature change (|AT]) with devices such as modified calorimetric equipment
[124-130], differential calorimeters [43, 131-135], integrated micro thermometers
[136], thermocouples [137], infrared sensors [28, 124, 131, 132], and thermal
scanning microscopy [28, 132, 138, 139]. Despite extensive research and
development of prototypes for direct measurement of ECE, non-adiabatic
situations exist in which the film loses heat to the substrate at a faster rate than
the time constant associated with the application (or removal) of the electric field,
making a direct determination of electrocaloric temperature change in thin films
exceedingly difficult. Due to these inherent measurement problems, the bulk of
work to date has relied on the indirect method to quantify the magnitude of the
ECE.

The indirect method is based on the determination of the electric
polarization P(T, E) as a function of the temperature T and electric field E. The
entropy (S) or temperature change (JAT]) that the ECE may produce in a suitable
material can be determined indirectly. To do this, one can use the Maxwell
thermodynamic relationship between the entropy S and the dielectric polarization
P:

(7). = Ge), 22)

From temperature and field-dependent polarization data, the isothermal

entropy change AS may be calculated:

AS = j N (ap) dE 2.3)
), \oT/g '

Under adiabatic conditions, the reversible electrocaloric temperature

change AT is caused by a change in the external electric field E = E> — Ex.

AT—fEZ ! (ap) dE 2.4
=)y, cETR\oT), 4

The terms c(E, T) and p refer to the field and temperature-dependent

specific heat capacity and mass density, respectively. In reality, the temperature
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change is frequently calculated as follows, assuming that c(E, T) is only

temperature dependent, i.e., zero field ¢(0) and AT < T:

—TAS
AT =

(2.5)
Cc

The indirect method is considerably more often employed than the direct
method, as it is typically difficult to ensure that the sample is adequately insulated
from the environment [11]. Under real-world conditions, a heat exchange occurs
between the electrocaloric substance and the surrounding environment. As a
result, the temperature of an electrocaloric sample returns after a field-induced
temperature change to its starting value after a period of time (figure 2.1 (a) and
(b)). To obtain nearly adiabatic conditions, it is required for the heat exchange
with the environment to be considerably slower than the field change and thermal
measurement. This is a tough criterion for a thin film to satisfy because of its tight
thermal connection to the substrate. As an example, Kutnjak et al. showed that,
if a 10 K electrocaloric temperature change was produced in a 500 nm thick
PbLaZrTiOs layer on a 0.5 mm thick Si substrate, after 10 ms just a few mK were

measured on the layer surface [132].

In recent years, a debate has erupted on the general applicability and
accuracy of the indirect method. In particular, equation 2.4 is derived from the
Maxwell equation which in turn is only reliable for reversible processes.
Therefore, the indirect technique is in principle inapplicable to
materials/processes having a high degree of irreversibility (non-ergodic systems),
such as relaxor ferroelectrics, antiferroelectrics, and processes involving first-
order phase transitions in general, and is hence strictly true only for stress-free
systems in thermal equilibrium [71]. However, in actual material systems, other
physical processes might cause deviations from these ideal circumstances,
resulting in an erroneous ECE determination. Among these are the domain
structure [11, 71], thin film stress [140-143], non-ergodic systems [128, 144, 145],
and temperature and field dependency of the specific heat [11, 146, 147].

Despite its drawbacks, the indirect approach is an essential practical
technique for determining the ECE in thin layers in a simple and rapid manner
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[71]. Although the indirect technique does not yield completely accurate

parameters, it can be used to approximate the real electrocaloric characteristics.

2.9. Properties of NaosBio5TiOs-based

ferroelectrics

NBTO was identified by Smolenskii et al. in 1961 [148], and it is considered
one of the most promising basic materials capable of replacing lead-containing
compounds [149]. NBTO is an environmentally friendly relaxor ferroelectric with
piezoelectric properties equivalent to those of conventional ferroelectrics but
presenting a broad temperature range closer to the Curie temperature of 320 °C
[150-153]. NBTO has a rhombohedral structure with a lattice parameter of 3.88 A
at room-temperature [154]. NBTO changes to the tetragonal phase at 340 °C,
followed by the cubic phase at 540 °C [155]. Adding to the fact that relaxor
materials have a higher number of degrees of freedom, it is expected to achieve
an electrocaloric effect that is even greater than that of conventional ferroelectrics
[39, 156].

Due to the 73 kV.cm coercive field [155], the high conductivity, and the
depolarization temperature (T4) of around 185 °C [157, 158], which is lower than
the Curie temperature, NBTQO's applicability at elevated temperatures is limited.
Numerous studies have established that the doping of NBTO allows to
compensate for these deficiencies. Due to the peculiar fact that both Bi®* and Na*
occupy the A sites of the ABOs lattice [159], NBTO doping is more effective at the
A site. BaTiOs is a common dopant in systems using NBTO. The impact of BaTiOs
on NBTO was examined by Tadashi et al. [160]. The phase diagram is found in
figure 2.10 (a). Between a concentration of 5 mol % and a concentration of 6 mol
%, a morphotropic phase boundary was identified between the rhombohedral and

tetragonal phases.
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Figure 2.10 - Concentration-induced phase transition of NBTO: (a) BaTiOs [160]; (b)
SrTiOs3 [158].

Strontium (Sr) is another frequently used dopant. At room-temperature,
Sr-doped NBTO exhibits a rhombohedral structure at a concentration of x = 0.26
[68] and a pseudo-cubic tetragonal structure at x = 0.28. From Hiruma et al. [158],
figure 2.10 (b), illustrates a phase diagram of NBTO-STO. As the strontium
concentration increases, the phase transition temperature decreases. The
presence of an antiferroelectric phase between the ferroelectric and paraelectric
phases was demonstrated using hysteresis measurements. Table 2.2 highlights

selected |AT] values of NBTO that have been reported in the literature.
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Table 2.2 - Electrocaloric effect in NBTO-based materials

. A an e
Materials T(K) J K_1 (K) k\l_1 Method Ref.
kg cm
Bulk

Nao sBio.sTiO3 413 044 -033 50 Indirect  [36]
0.92NBTO-0.08BTO 373  0.27 0.2 40 Indirect  [36]
NBTO-0.06BTO-0.02STO 399 - 1.07 40 Indirect  [66]
NBT-0.06BTO-0.18STO3 344 - 0.75 40 Indirect  [66]
NBTO-0.06BTO-0.22STO 318 - 0.66 40 Indirect  [66]
0.82NBTO-0.18KBTO 433 - 0.73 22 Direct  [161]
0.94NBTO-0.06BTO 408 - 1.5 50 Direct  [162]
0.94NBTO-0.06BTO 373 2.2 1.5 50 Indirect  [70]
0.9NBTO-0.05KBTO-0.05BTO 363 147 0.99 50 Indirect  [70]
NBTO 393 - 0.15 20 Direct  [163]
0.94NBTO-0.06KNbO3 349 1.73 70 Indirect [164]
0.82NBTO-0.18KBTO 353 1.62 1.06 50 Indirect  [70]
0.94NBTO-0.06KNbO3 398 1.5 70 Direct  [165]
0.93NBTO-0.07KNbO3 348 0.8 55 Direct  [165]
0.75NBT0O-0.25STO 333 252 1.64 50 Indirect [157]
0.86NBTO-0.06BTO-0.04SBTO 333 0.6 60 Direct  [166]
0.8NBTO-0.2STO 401 0.75 35 Indirect [167]
Nao.sBio.49Ndo.01)TiO3 356 0.95 0.69 50 Indirect  [168]
Nao sBio.49Ndo.01Tio.0oNb0.0103 381 1.02  0.81 50 Indirect  [168]
0.92NBTO-0.06BT0O-0.02SZ0 298 0.37 60 Direct  [169]
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As previously discussed, doped NBTO-based materials show a general
decrease in phase transition temperature. As the electrocaloric properties are
higher at the phase transition temperature of a material, this temperature
reduction enables a larger |AT| near ambient temperature. However, it is crucial
to realize that even a slight change in dopant concentration might result in a

decrease in |AT].

To the best of my knowledge, no work has been published on the

electrocaloric temperature change in NBTO-based thin films.

2.10.Barium Strontium Titanate

Barium strontium titanate (Ba1xSrxTiOs, BSTO) is a solid solution of
barium titanate (BaTiOs or BTO) and strontium titanate (SrTiOs or STO). While
BaTiOs and SrTiOs are both simple perovskite oxides, BSTO is typically called a
complex perovskite oxide due to the presence of both Ba?* and Sr?* in the ABOs
crystal structure [170]. The material possesses outstanding dielectric and
ferroelectric properties and is frequently employed in dynamic random access
memory [171], pyroelectric infrared detectors [172, 173], and multilayer ceramic
capacitors [174]. Additionally, barium strontium titanate has a high pyroelectric
coefficient. Due to the fact that the ECE is the inverse of the pyroelectric effect, a

high pyroelectric coefficient implies a high ECE.
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Figure 2.11 - Phase transition of BSTO: (a) crystal structure of BSTO as function of Ba
to Sr ratio [170]; (b) ferroelectric phase temperature as a function of the ratio between
Ba and Sr [154].
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Figure 2.11 (a) shows the lattice parameters of BSTO as a function of the
Sr content at room-temperature [175]. BSTO features a tetragonal unit cell similar
to pure BTO when x < 0.3 and a cubic unit cell when x = 0.3. As seen in figure
2.11 (b), the paraelectric to ferroelectric transition temperature is nearly a linear
function of the Ba to Sr ratio, decreasing with increasing Sr content, and for x =
0.3 the ferroelectric transition occurs around ambient temperature, which might
be advantageous for cooling devices [176-178]. Additionally, since barium
strontium titanate ceramic is free of lead and other heavy metals, it contributes to
environmental protection. Table 2.3 summarizes some of the |AT] values in BSTO

that have been identified in the literature.

Table 2.3 - Electrocaloric effect in BSTO-based materials.

T Thickness |AT] AE (kV

Materials Method Ref.

(K) (nm) (K) cm”)
Bulk
BaosSro2TiOs 349 - 0.39 20 Indirect  [179]
Bao.7Sro3TiOs 303 - 0.36 20 Indirect  [179]
BaosSro2TiOs 347 - 0.15 10 Indirect  [179]
Bao.7SrosTiOs 299 - 0.18 10 Indirect  [179]
Bao.7SrosTiOs 306 - 0.16 10 Direct [179]
BaoesSro3sTiOs 298 - 0.18 10 Direct [179]
BaoesSro3sTiOs 303 - 2.1 90 Indirect [562]
Bao.95Sro.0s5TiOs 395 - 0.53 30 Indirect [27]
Bao.ssSro.15TiOs 365 - 0.4 30 Indirect [27]
Bao.75Sro25TiOs 330 - 0.35 30 Indirect [27]
BaossSro.35TiOs 315 - 0.41 30 Indirect [27]
Bao.95Sro.05TiOs 383 - 1.32 30 Direct [27]
Bao.ssSro.15TiOs 353 - 1.52 30 Direct [27]
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Bao.7sSro2sTiO3 322 - 1.65 30 Direct [27]

BaoesSro3sTiOs 292 - 1.8 30 Direct [27]
Bao.oSro.1TiOs 360 - 0.61 33 Indirect [180]
Bao.sSro2TiOs 344 - 1.67 50 Indirect  [181]
BaosSro2TiOs 338 - 0.83 33 Indirect [180]
Bao.7Sro3TiOs 313 - 0.67 33 Indirect  [180]

Films

BaosSrosTiOs 250 - 17 500 Simulation [182]
Bao.eSro.1TiOz 350 300 1.9 350 Indirect [178]
BaosSro2TiOs 314 300 1.75 350 Indirect  [178]
Bao.7Sro3TiOs 278 300 1.56 350 Indirect  [178]
Bao.sSro7TiOs 302 570 1.6 509 Indirect  [183]
Bao.3Sro7TiO3 310 570 1.4 333 Indirect [183]
Bao.sSro7TiOs 315 570 0.8 158 Indirect  [183]

BSTO is a promising material for electrocaloric studies, with a low electric

field saturation and a phase transition that can be shifted close to room-

temperature with the variation of Sr content, which is favorable for cooling

applications.
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3. Research Methods

This chapter describes the experimental aspects of the deposition process
and electrical characterization. Standard methods for structural and
morphological characterization, such as atomic force microscopy and x-ray

diffractometry, are not discussed in this section.

3.1. Sample preparation

Pulsed laser deposition (PLD) was used to deposit NBTO and BSTO-
based thin films. A laser beam with a wavelength of 248 nm and a pulse duration
of 20 ns is shot from an external KrF excimer laser (Coherent LPX 305i and
LAMBDA Physik COMPEX 102, respectively). The laser beam path is made up
of diaphragms and attenuators that focus and steer the laser beam to achieve a
uniform energy distribution. Guided by mirrors and lenses, the laser beam
reaches the deposition chamber, where a focused laser beam area of 3 mm? hits
the target material. When the laser beam enters the chamber, it passes via a lens
and the chamber entry window, reducing the laser intensity by around 10 %. The
laser's energy is measured with a sensor outside the deposition chamber and
adjusted to the correct value for usage in the deposition. The laser energy density
(w) is computed by taking into account the laser energy loss as it enters the
chamber as well as the area of the concentrated laser beam on the target surface.
The laser beam enters the chamber and collides with the target substance. A
small portion of the surface material is vaporized and ejected, generating an
ablation plume of atoms, electrons, ions, and molecules perpendicular to the

target material's surface [184-187].
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Figure 3.1 - Schematic representation of a pulsed laser deposition (PLD) system.

The extracted material is then deposited as a film on a substrate. The
ceramic targets, which have a diameter of 25 mm and a thickness of 5 mm, were
made at Fraunhofer IKTS Dresden. The target holder is designed to rotate around
its axis and move in the x and y axes to improve the uniformity of the deposition
process. Another notable feature is its revolver-like construction, which allows for
the support of several targets for the sequential deposition of different layers.
During deposition, the target holder is 50 mm away from the target surface,
parallel to it, and spins around its axis. Two halogen bulbs are located in the
sample container as the heat source. A thermocouple is placed near the substrate
to control the deposition temperature (Tper). For the deposition, a constant
oxygen background pressure is set with a controlled oxygen inflow. In the same
environment, the samples are heated, coated, and then cooled. An illustration of

a PLD system is shown in figure 3.1.

36



3.2. Sample setup and deposition parameters

Two distinct PLD systems were used to deposit ferroelectric thin films
based on NBTO and BSTO. A simple HV system was used for the deposition of
NBTO whereas a more sophisticated UHV system was used for the BSTO
deposition. The deposition of NBTO-based thin films was carried out following
data from the literature [150, 151, 188]. The epitaxial growth of NBTO-based thin
films on YAO (avao = 3.71 A), LAO (arao = 3.79 A), and STO (asro = 3.91 A) (PDF
00-005-0634) single crystal substrates were evaluated in terms of deposition
temperature. At room-temperature, the mismatch between each substrate and
NBTO (ansto = 3.89 A) (PDF 01-083-4744) is -4.85 %, -2.6 %, and 0.5 %,
respectively, allowing for heteroepitaxial film growth due to the lattice mismatch
being less than 5 % [189]. After determining the optimal substrate and deposition
temperature, the oxygen background pressure (pO>), deposition frequency (foep),
and laser energy density (w) were adjusted to obtain the optimal deposition
parameters. By contrast, the BSTO-based thin films (assto x = 0.3 = 3.97 A (PDF
04-015-0378)) were deposited on STO substrates, with a mismatch of -1.4 %,

using the deposition conditions previously described by Engelhardt, et al. [190].

Each substrate measures 10 x 10 mm and is 1 mm thick, with a [001]
direction parallel to the surface. Prior to deposition, the substrates are cleaned
for three minutes with ultrasound in an acetone bath, soaked in isopropanol, and
dried with an argon gas flow. The samples are configured in the manner of a
capacitor, with a buffer layer deposited on top of the substrate, followed by a
ferroelectric layer and a top electrode for subsequent electrical characterization.

Figure 3.2 depicts the samples' schematic structure.
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Ferroelectric layer

Bottom electrode
Substrate
(b)

Figure 3.2 - Representation of the sample setup: (a) Schematic representation; (b)

Cross-section SEM representing the same sample setup.

NBTO-based thin films were deposited on Lao.sSro.5Co0O3 (LSCO) layer
that served as bottom electrode. LSCO has a lattice parameter, of 3.805 A (PDF
00-036-1394) which gives a lattice mismatch to the LAO substrate of -0.4 %. The
BSTO layers were deposited on a buffer layer composed of SrRuOs (SRO), which
has an orthorhombic lattice and can be described as a pseudo-cubic perovskite
structure with a minor distortion of the unit cell [191], and a asro = 3.910 A (PDF
04-012-166), resulting in a lattice mismatch of -0.1 % concerning the STO
substrate. Both the LSCO and SRO buffer layer acts as an electrode for
characterizing the NBTO and BSTO. The deposition conditions of both NBTO
and BSTO samples are displayed in the table below:
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Table 3.1: Deposition parameters of the bottom electrode and ferroelectric layer for the
NBTO and BSTO based thin films samples.

NBTO BSTO
Bottom  Ferroelectric  Bottom Ferroelectric
electrode layer electrode layer
Deposition 550
P . 550 600 750 900
temperature, Tpep (°C) 650
Oxygen background, 03 03 0.01 0.01
pO:2 (mbar) ' ' ' '
Laser fluence (J cm?) 1.5 1.5 1.0 1.0
Frequency (Hz) 10 10 5 5

The electrical characterization of the samples requires the use of
electrodes above and below the ferroelectric layers. Figure 3.2 illustrates the
layer structure utilized. A plate capacitor-like device (figure 3.2 (a)) is utilized with
the ferroelectric layer as the dielectric between the bottom and top electrodes. In
the case of the NBTO samples, the bottom electrode consists of an,
approximately, 20 nm thick LSCO layer. For the BSTO samples, the bottom
electrode is made up of a SRO buffer layer, with an approximate thickness of 25
nm. For subsequent access and analysis of the bottom electrode, the LSCO
buffer layers were deposited, cooled down, and removed from vacuum.
Consequentially, about 1/3 of the sample was covered with a mask, prior to the
NBTO deposition. Derived from the work of Engelhardt [192], where the SRO
layer was deposited on a separate substrate holder than a BaZrxTi1xOs layer,
which allowed a subsequent analysis of a portion of the bottom electrode, in this
work, the BSTO layers were deposited immediately after, on the same substrate
holder. As a result, the samples were kept in vacuum throughout the deposition
process. For both materials, the upper electrodes are made of platinum contacts
with a diameter of 200 um that were deposited using magnetron sputtering and
shaped using a lift-off technique. Following the deposition of the top electrodes,
the samples were exposed to air at 350 °C for one hour to decrease residual
conductivity and dielectric losses [193, 194]. Additionally, BSTO samples were

sequentially made in which SRO layers were deposited as a top electrode without
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interfering with the vacuum. After photolithography and ion etching, the top SRO
layer was sculpted to obtain the structure illustrated in figure 3.2. Due to the layer

structure, the ideal plate capacitor equations may be as follows:

Cipc = €0 & "5 (3.1)

In this equation, C;pc indicates the capacitance, & the permittivity in
vacuum, & denotes the relative permittivity of the material, A the area of the top

electrode, and dr. is the thickness of the ferroelectric layer.
3.3. Measurement of the polarization hysteresis

Radiant Technologies Precision Multiferroic tester was used to determine
the leakage current and the polarization hysteresis of the NBTO and BSTO thin
films. Polarization is determined using a process that involves measuring and
integrating the incoming or emitted electrical charge. The following fundamental

equations apply [195, 196]:

I(t)dt
D=£o-er-E=so'E+P=%=f() ; (3.2)

The polarization term refers to the component of the displacement flux
density D that is material specific. The displacement current /(t) is obtained using
a transimpedance amplifier, the circuit for which is illustrated in figure 3.3. The
total excitation voltage (Vex) decreases across the ferroelectric layer (FL) since
the input signal is constantly compared against the connection to ground (virtual
ground) in the inverting operational amplifier [195]. The measured current is

proportional to the voltage drop (Vr) across the reference resistor (Rrer).
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Vext ~

T Rres ~ I(£) = 9FIE)

1

Figure 3.3 - Circuit of a transimpedance amplifier with virtual ground. Adapted from [195].

A double-bipolar voltage profile is utilized to determine the polarization
hysteresis at room-temperature, as illustrated in figure 3.4. The voltage is
gradually increased to a given Vinax, then reduced to zero, and then modulated in
the negative range until V = 0 is attained once more. This initial period (black line
in figure 3.4 (a)) is utilized to determine the beginning condition of the sample. In
the second phase (red line), the voltage follows the same curve, while measuring
the polarization at each voltage step. Figure. 2.6 illustrates the result of such a
measurement on a ferroelectric sample. When the applied electric field exceeds
the coercive field, the hysteresis loop comprises polarization contributions due to
ferroelectric switching processes. On the other hand, switching processes
become inconsequential when just the upper positive branch of the hysteresis
loop is addressed (dashed red segment in figure 3.4 (a)). Thus, the ECE for
removing the external electric field may be calculated using the polarization

values of this section of the hysteresis loop.
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(a) (b) vy

Figure 3.4 - Voltage profile used for hysteresis measurements: (a) Double bipolar voltage
profile for hysteresis measurement; (b) Excitation voltage profile for temperature-
dependent P(E) hysteresis measurements as a function of time. lllustration based on
[78].

For the temperature-dependent P(E) data, which are utilized to infer the
ECE indirectly via equation (2.4), a modified excitation profile provided by
Crossley [78] and illustrated in figure 3.4 (b) is used. To begin, the layer is defined
by applying a bipolar voltage signal, which leaves the sample with negative
polarity. The voltage is then driven twice from zero to +Vmax and back to zero,
followed by a repetition of the same for the negative voltage range. From the
segments produced in this manner, a primary and a secondary hysteresis loop
can be constructed. The primary hysteresis loop (red dashed line) produces the
same result as the double-bipolar voltage profile displayed in figure 3.4 (a). The
secondary hysteresis loop (dash-dotted blue line) can be utilized to investigate
the ECE's response to an external field. Additionally, the revised waveform gave
information regarding parasitic losses in the measuring circuit. Apart from fatigue,
irreversible hysteresis, and considerable departure from isothermal conditions,
there is no polarization mechanism that may result in a difference in the value of
P at positions A and B in figure 3.4 (b). Without regard for the preceding, every
measurable difference 6P (see Crossley, figure 2.6, [78]) must be related to
electrical losses. When the loss portion of the circuit is modeled as an analogous
parallel resistance Rp (see Crossley, figure 2.3, [78]), the net parasitic charge

flowing between locations A and B is provided by Q = AP, and therefore R, =

1/Q fdet. The time-resolved spurious contribution of Rp to the observed
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polarization over the whole waveform may thus be calculated as P(t) =

[1/ARp] fot IV dt and subtracted from the measured data.

3.3.1.  Measurement configuration

The amplitude and voltage dependences of the leakage current are
heavily influenced by the electrode-ferroelectric contact [197]. Thin films with an
oxide electrode / ferroelectric / metal structure might be understood as Schottky
diodes with opposing connections [197-199]. As a result, leakage currents are

always limited by the Schottky contact, which operates in reverse.
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Figure 3.5 - The top-bottom (TB) measurement setup compared to the top-top
measurement configuration (TT): (a) lllustration of the measurement setups
schematically; (b) Polarization values as a function of field strength for a NBTO thin film
sample with Pt top electrodes; (c) Static leakage current density as a function of the

electric field for a BSTO sample.

The measuring signal is commonly applied to the top and lower electrodes.
This measurement setup is referred to as top-bottom (TB). For comparison
purposes, a top-top (TT) configuration was also measured and both
configurations are schematically depicted in figure 3.5 (a). When characterizing
the samples, the bottom electrode is grounded, and the Pt electrode is excited
using an excitation profile. Thus, whether the field strength is either positive or
negative, the Schottky contact at the bottom electrode / ferroelectric layer or
ferroelectric layer / Pt interface dominates the leakage current. Figures 3.5 (b)
illustrates the hysteresis loop of a NBTO thin film measured in the TB and TT

configuration. While there is a closed hysteresis loop for the TT configuration, in
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the case of the TB configuration, the hysteresis loop is tight in the positive field
strength range, whereas it manifests a distinct increase in the negative field
strength range. This expansion increases with increasing field strengths and is
caused by the influence of a leakage current. Static leakage current
measurements, on a BSTO sample (Fig. 3.5 (c)), demonstrates that the leakage
current density achieves much greater values in the negative field strength range
than in the positive field strength region. Thus, for positive and negative field
strengths, there is a diode-like behavior with reverse and forward directions. The
significant leakage currents observed in the negative field strength range in figure
3.5 (c) are therefore associated with the ferroelectric / Pt interface and imply that
the matching Schottky barrier becomes permeable in the reverse direction even

at low field strengths.

3.4. Indirect measurement of the electrocaloric
effect

The process for assessing the electrocaloric characteristics of the
ferroelectric thin film is illustrated below. Hysteresis loops are monitored at
various temperatures in order to determine the P(E, T) connection. It is typically
initiated at the highest temperature and reduced in 10 K increments as it cools.
The cooling rate is set to 5 K per min and is maintained for one minute after
reaching the desired temperature. Figure 3.6 (a) illustrates five P(E) observations
of a temperature series ranging from 150 to =150 °C. After subtracting the Rp
correction, the higher positive branch of the primary hysteresis loop is used for
further evaluation. The P(E) loops are used to obtain the polarization values for
discrete field strengths as a function of temperature. Due to the fact that the
specific E values of the individual data points in the various P(E) measurements
vary according to the measuring device employed, the data must be adapted. A
polynomial of fourth degree is employed in this case. The fit's findings are
depicted in figure 3.6 (b) for a range of five temperatures. This enables the
evaluation of all hysteresis branches at precisely defined field strengths and the
interpolation of the P (E, T) connections. After that, the P(E, T) dependences are
fitted in order to calculate the derivative (dP/9T)g(T).

44



Polarization (uC cm)

-300

-150

150

0
o 1 (b)
Electric Field (kV cm™)
14
By
=== et
& e
§10- ==
o .
= 8-
5 .
S O64 e e
I e
r T O O i e oo s
D‘ 2 7 X Pt % * 3 i * < ><
Jse % « » \ 2 9} i /// X
ol e S o
(c) -100 -50 0 50 00 (d)
Temperature (°C)
0.000
< -0.005 -
4
§ -0.010- =
<
Q o3
"W -0.015- 2
[
2
& -0.0201
'00251 T T T
0 100 200 300
(e) (f)

Electric Field (kV cm™)

Temperature (°C)
-100

—— 40
0
40

—— 100

100 150 200 250 300 350
Electric Field (kV cm™)

50

150 100 -50 O 50 100 150
Temperature (°C)
12
AS
0.8-
00000y,
0.6 0,0'0'0’ o\o\
el <
& \0\
0.4+ /O,o o\
<>’<>
021 /s ‘X
<&
0.0~ \
-0.2 >
150 100 -50 O 50 100 150

Temperature (°C)

Figure 3.6 - Standard data evaluation for the indirect method of determining the adiabatic

temperature change |AT]: (a) Hysteresis loops for P(E) at various temperatures. (b) The

upper positive branches of the P(E) hysteresis loops, shown for different temperatures.
(c) Relationship between P(T) and for various field strengths. (d) (6P/6T) as a function
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as a function of the initial temperature T for varying magnitudes of field strength

variations.
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Figure 3.6 (c) shows the adjustments for the various field strengths. Figure
3.6 (d) illustrates the derivation of the (dP/dT)g(T) functions. This is used to
determine the (0P/0T); values at specified temperatures. This results in the
(0P/dT)(E) dependencies, which are depicted in figure 3.6 (e). To calculate
|AS|, the integral in equation (2.3) is determined using the (9P/dT)r(E)
relationships which are additionally fitted with a polynomial of fourth degree and
the antiderivatives are produced. The |AT] values computed using equation (2.4)
are plotted in figure 3.6 (f) as a function of the initial temperature for various Ej

values (E:z is zero for all curves).

The equation for determining the electrocaloric temperature change
(equation 2.4) incorporates the temperature and field-dependent specific heat
c(E, T). The specific heat is considered to have a relatively mild temperature
dependency and its field dependence is ignored. As shown by Hatta et al. [200,
201], ferroelectric materials, such as BTO, exhibit a significant peak in their
specific heat capacity ¢c(E = 0, T = Tc) at the Curie temperature. Strukov et al.
[202] determined a rising specific heat capacity of 2.1 J cm= K" to 3.1 J cm™ K-
on a range of temperatures varying from -100 °C to 150 °C after examining
polycrystalline BTO layers with layer thicknesses ranging from 20 nm to 1.1 ym
and observing an increasingly diffuse anomaly of the specific heat. Sawai et al.
[203] measured the specific heat capacity of bulk Ba1xSrxTiO3 (x = 0.2) in a
temperature range starting at -120 °C to 75 °C. The specific heat capacity can be

seen in figure 3.7.
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Figure 3.7 - Specific heat regarding temperature for x = 0.2 of BSTO.

In the vicinity of the Curie temperature, the ¢ maximum becomes
significantly broader [147]. Given that the specific heat in epitaxial thin films is
already defined by a diffuse curve at E = 0, it is expected that disregarding the
field dependence of the specific heat is substantially less critical for thin layers

with diffuse transformation behavior than it is for samples with an abrupt phase
transition.
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4. Structural and electrical properties of

Naos5Big5TiO3-based thin films

The study of dielectric and ferroelectric properties of epitaxial NBTO-
based thin films as well as the subsequent characterization of the ECE by the
indirect method requires dense layers with smooth interfaces. In the following
chapter, the efforts to realize such epitaxial NBTO film architectures on different
substrates using optimized deposition temperatures are summarized. Afterward,
the growth of NBTO layers doped with BaTiOs and SrTiOs, MnOz2, and an excess
of Bi2O3 and Na2COs are discussed. Here, we choose a composition, which

revealed good electrocaloric properties close to room-temperature as bulk

material [66].

4.1. NaogsBiosTiOs-based materials

The crystal structure of the NBTO-based targets employed for subsequent
deposition was first determined using x-ray diffraction. Figure 4.1 shows the

measured patterns.

NBSBTO 5/10 target
— NBTO 5/10/5 target
——NBSBTO target
——NBTO target

NBTO (01-083-4744)

STO (00-005-0634)

(110)

(100)
(111)
(210)
(211)
(220)
(300)
(310)
(311)

Intensity (a.u.)

20 30 40 50 60 70 80 90 100
26 (°)

Figure 4.1 - XRD scans of the NBTO-based targets used in this work. The lines are
taken from the ICDD PDF-4 database.
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For the purpose of comparison, the reference lines corresponding to pure
NBTO in accordance with PDF 01-083-4744 and to STO according to PDF 00-
005-0634 are also shown in the figure. The following table defines the

abbreviations used in the following:

Table 4.1 - Definition of the used abbreviations.

Abbreviation Target composition
NBTO Nao.sBio.sTiO3
NBSBTO Nao.38Bi0.38Sro.18Ba0.0s T103

NaosBiosTiO3 + 5 mol % Bi>-Oz + 10 mol % Na>COs3 + 5 mol %
Mn203

NBSBTO 5/10 Nao_gsBio_3gsro_18Bao_06TiO3 + 5 mol % Bi203 + 10 mol % N82C03

NBTO 5/10/5

The XRD pattern can be indexed with a pseudo-cubic perovskite structure
for the NBTO and the NBTO 5/10/5 target. Additional peaks are visible for the
NBSBTO and NBSBTO 5/10 target (most obvious close to the (200) peak), which
might be either the result of a secondary phase (most likely due unreacted STO)
or an indication of a tetragonal structure, which was reported for BTO-doped
NBTO (compare for example PDF 00-036-0735). The pure NBTO material has a
pseudo-cubic structure with a lattice parameter of 3.89 + 0.01 A, whereas a
slightly larger value of 3.90 + 0.01 A was determined for the NBSBTO target. With
the addition of an excess of 5 mol % Bi2O3, 10 mol % of Na2COs, and 5 mol %
Mn20s, the lattice parameter for the NBTO 5/10/5 target is reduced to 3.88 + 0.01
A. By contrast, the NBSBTO 5/10 target, has the same lattice parameter as the
NBSBTO target with a value of 3.90 + 0.01 A. In general, these differences are
quite small and might be the result of a variation in stoichiometry. In particular, a
Na excess might increase the lattice parameter, while Mn reduces it. The last
effect is probably due to B-site replacement (Mn** in Ti4* places, due to Mn**
having a smaller ionic radius (0.53 A) [204] than Ti** (0.605 A) [204]). The
reduction in the lattice parameter has also been attributed to a decrease in

oxygen vacancies [205-207].
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4.2. Structural properties of NaosBios5TiOs-

based thin films

4.2.1. Epitaxial Nao.sBio5TiO3 thin films

The structure, morphology, and electrical characteristics of epitaxial thin
films based on NaosBiosTiOs were investigated in order to determine their
potential for ECE. To begin, pure NBTO layers were grown on different substrates
and optimized for epitaxial growth. Following structural characterization using
XRD and AFM, their electrical properties were determined using measurements
of the leakage current and polarization hysteresis. The results are summarized

below.

Considering data from the literature [150, 188], different deposition
parameters were varied to study the epitaxial growth of the NBTO-based thin
films. The initial step was to evaluate the preparation on different single crystalline
substrates. Therefore, pure NBTO films were deposited on LSCO-buffered LAO,
YAO, and STO substrates at temperatures ranging from 550 to 650 °C. The XRD
patterns mostly exhibit (00f) peaks of the NBTO film, which are close to the
subsequent (00f) substrate peaks (see figure 4.2 (a) for films on LAO, YAO, and
STO deposited at 550°C). Whereas these peaks are clearly discernible on LAO
and YAO, the NBTO peaks are scarcely visible on the STO substrates due to the
almost identical c-axis lattice parameters (3.89 A and 3.905 A for NBTO and STO,
respectively; compare lines in figure 4.1). Therefore, more detailed studies were
mostly conducted on the first two substrates. Reflections emerging from the
LSCO buffer layer are also barely discernible in all XRD patterns due to the low
film thickness of roughly 20 nm and partial overlap with the strong substrate

peaks.
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Figure 4.2 - Structural characterization of NBTO films: (a) XRD scans of the NBTO films
deposited on a STO, LAO and YAO substrate at 550 °C using 5000 pulses, an oxygen
background of 0.3 mbar and f = 10 Hz; (b) XRD scans showing the influence of the
substrate and the deposition temperature on the growth of NBTO films with a thickness
of about 150 nm; (c) Pole figure measurements of the (110) NBTO peak for films grown
on YAO and LAO substrates at different deposition temperatures; (d) Phi-scans of the

NBTO samples deposited on YAO and LAO at different temperatures.

The results for films deposited at different temperatures are summarized
in figure. 4.2 (b). For the NBTO layer on YAO, only (00¢) peaks are apparent for
a deposition temperature of 600°C implying an epitaxial growth, whereas an
additional minor peak corresponding to a (110) crystal orientation is seen at a 26
angle of about 37.9° for samples deposited at 550 and 650 °C, respectively (figure
4.2 (b)). In contrast, these misoriented peaks did not occur in the films on LAO
for all temperatures, indicating epitaxial growth over a broad temperature range,

corresponding to a low defect density on the NBTO layer. The out-of-plane lattice
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parameters of the samples deposited on LAO and YAO substrates are
substantially larger than those of the target material (a = 3.89 A), but within the
range of other groups' results [39], suggesting that the unit cell is distorted

tetragonally.

The epitaxial growth between the NBTO layer and the single crystal
substrates was studied as a function of temperature using pole figure
measurements and phi-scans (figure 4.2 (c) and (d)). All (110) pole figures exhibit
a fourfold symmetry with strong peaks at ¥ = 45°, suggesting that the orientation
was in general transferred epitaxially from the single crystal to the NBTO thin film
via the LSCO buffer layer. However, at 550 and 650 °C, the pole figures of NBTO
grown on YAO exhibit additional reflections, which are related to different texture
components. As a result, only at 600 °C, an undisturbed epitaxial growth is
observed (as visible in figure 4.2 (c)). In comparison, no other texture components
were detected in films grown on LAO substrates across the temperature range
investigated. In general, the epitaxial relationship is NBTO (001) [100] || LSCO
(001) [100] || LAO (001) [100] (using the pseudo-cubic notation for the
rhombohedral single crystal). The substrate dependence might be explained by
differences in the lattice parameters of the single crystals utilized and will be
discussed in more detail below. Figure 4.2 (d) shows the phi-scans of the NBTO
samples. The full width at half-maximum (FWHM) values of the peaks are
summarized in table 4.2 as well as the in-plane and out-of-plane lattice

parameters.
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Table 4.2 - FWHM values and in-plane and out-of-plane lattice parameters for samples

deposited on YAO and LAO substrates at different temperatures.

Substrate Temperature (°C) FWHM (°) In-plane (A) Out-of-plane (A)

550 3.6+0.1 3.84 3.96
YAO 600 25+041 3.87 3.99
650 1.5+0.1 3.85 3.96
550 1.5+0.1 3.87 3.93
LAO 600 25+01 3.83 4.02
650 1.9+0.1 3.84 4.01

The FWHM values of the films are significantly larger than the values of
the single crystalline substrates (typically 0.6° for LAO). This orientation spread
of the grains might be due to the lattice mismatch, structural distortions, or
residual stresses. It can also reveal an increase in the structural disorder and
number of defects of a material, by the widening of the peak [208]. In the case of
YAO substrates, an increasing temperature results in a reduction of the FWHM
value, which may indicate a reduction in the number of defects. Nonetheless, the
existence of extra reflections in the pole figure indicates different texture
components in these films, which are not desired for the current study. On LAO
substrates, on the other hand, no clear trend is observable, as the FWHM values

are smallest at low temperatures, larger at 600 °C, and smaller again at 650 °C.
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Figure 4.3 - RSM maps for NBTO films grown on: (a) YAO at 600 °C and (b) LAO at
550 °C using a LSCO buffer layer.

Furthermore, RSM measurements were performed on the deposited
samples. Figure 4.3. compares the results of an epitaxial film on YAO deposited
at 600 °C with the sample on LAO deposited at 550 °C. For YAO, these RSM
maps indicate that the LSCO buffer layer grows already relaxed due to a larger
lattice misfit of about 3.4 % (see figure 4.3 (a), where LSCO has a different Qx
value than the substrate peak). In contrast, this buffer layer grows strained on
LAO having a significantly smaller misfit of around 2.1 % (compare figure 4.3 (b),
where the LAO and the LSCO exhibit similar Qx values). As a result, more defects
and/or a subgrain structure may be expected at the LSCO surface on YAO if
compared to the LAO surface, as also indicated by the widening of the buffer
layer peak in reciprocal space. This may have in turn an effect on the nucleation
of the following NBTO layer, resulting in a larger temperature window for
undisturbed epitaxial growth on LAO. As a result, films deposited at 550 °C on
LAO were preferred for the following investigations of NBTO-based materials.
From the RSM data, the NBTO in-plane lattice constant was determined to be
3.87 A for LAO, corresponding to a tetragonal distortion of ¢/a = 1.1, whereas a
value of 3.84 A was obtained on YAO, equivalent to a ¢/a = 1.03. It should be
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noted that the diffraction spots of the NBTO (103) peak are significantly

broadened in the RSM maps, which indicates small coherent scattering sizes

(i.e., small grain size and/or a large number of defects), as well as strain and

compositional gradients.
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Figure 4.4 - AFM images with a size of 5 pm by 5 ym of about 150-nm-thick NBTO layers
grown at 550 °C on: (a) YAO and (b) LAO; (c) FIB cross section of the NBTO layer grown
on YAO/LSCO substrate; (d)Surface roughness of the samples deposited on YAO and

LAO at different temperatures.

Finally, we investigated the effect of substrate and temperature on surface

morphology. AFM scans were performed on films of comparable thickness

produced on YAO and LAO substrates. The film on YAO has a heterogeneous

structure with a small grain size and a high density of emerging, almost quadratic

grains with a size of around 50 nm (figure 4.4 (a)), and a root mean square (rms)

56



roughness of 6.7 nm. The sample on the LAO substrate has a lower roughness,
with a rms value of 1.9 nm (figure 4.4 (b)). Again, emerging grains with a height
of up to 50 nm are observed on the surface. The rough surface was validated
using a FIB cross-section, as seen in figure 4.4 (c) for one sample, where
columnar structures extending the whole thickness of the sample may be seen.
The roughness of the samples deposited on both substrates at temperatures
ranging from 550 to 650 °C is shown in figure 4.4 (d). While an increasing
temperature results in a decrease in layer roughness on YAO substrates, the
opposite behavior is observed for films on LAO substrates. A higher-resolution

AFM scan was performed to examine the surface morphology in greater detail,

as seen in figure 4.5. (a).
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Figure 4.5 - AFM scan and consequent surface roughness profile of: (a) AFM image (2
um by 2 ym) of a NBTO sample grown at 550 °C on LAO; (b) Roughness profile taken

along white line shown in subfigure (a).

The AFM scan reveals a significant degree of roughness, with a mean
value of 3.8 nm. It is heterogeneous in structure, with small grains agglomerated
into larger islands. Pores are also visible in figure 4.5(a) and are connected to the
columnar structure in figure 4.4 (c). Figure 4.5 (b) depicts a profile of the surface
roughness. The approximate depth of the pores and the size of the agglomerates
are seen here. Due to the fact that only the surface is scanned and that the tip
has a pyramidal shape, the proper depth of the pores cannot be determined
unequivocally. Nonetheless, the surface profile (figure 4.5 (b)) reveals pores with

a depth of more than 10 nm, which will have an effect on the interface between
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the top electrode and the BSTO layer, resulting in an inhomogeneous electric
field distribution and leakage currents, which have an impact on the samples’

electrical characteristics.

The volatile nature of Na and Bi might lead to changes in stoichiometry.
Therefore, an excess of these elements was added in the form of Na2COs and
Bi2Os to compensate for its loss during the high-temperature sintering and the
PLD deposition. Additionally, NBTO exhibits both strong residual polarization and
a high coercive field value [209]. This latter disadvantage has spurred a lot of
investigations to lower the coercive field in bulk and thin films [210, 211].
Manganese (Mn) doping of NBTO has been shown to minimize leakage current,
therefore increasing the polarization performance by decreasing oxygen vacancy
levels and consequently the contribution of electron holes [212-216]. Thus,
targets with an excess of Bi and Na as well as targets doped with Mn were
evaluated to see whether such targets result in enhanced characteristics. The

resulting XRD pattern is shown in figure 4.6 (a).
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Figure 4.6 - Structural characterization of the doped NBTO film: (a)XRD scans of the
NBTO and NBTO 5/10/5 deposited on LAO at 600 °C; (b) Pole figure measurements of
the (110) NBTO peak for films grown on and LAO at 600 °C.

For the doped NBTO thin film only (00f) peaks are apparent for a
deposition temperature of 600 °C implying an epitaxial growth, with an out-of-
plane lattice parameter of 3.97 A. The in-plane lattice parameter of 3.85 A implies
a tetragonal distortion of ¢/a = 1.03. The FWHM (not shown) has a value of 2.5 +
0.1 ° equal to the NBTO sample deposited at 600 °C. Pole figures (figure 4.6 (b))
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exhibit a fourfold symmetry with strong peaks at ¥ = 45°, suggesting that the
orientation was in general transferred epitaxially from the single crystal to the
doped NBTO thin film via the LSCO buffer layer. Unfortunately, it was not possible
to determine the exact stoichiometry for thin films due to the influence of the

substrate and the small amount of materials.
4.2.2. Epitaxial Nao.3sBio.3sSro.18Bao.os TiO3 thin films

Based on the results obtained with pure NBTO films, epitaxial
Nao.38Bio.38Sro.18Ban.os TiO3 (NBSBTO) layers were grown at various deposition
temperatures on LSCO buffered LAO substrates. The XRD patterns reveal again
mostly (00f) peaks of the NBSBTO film that are close to the peaks of the substrate
(figure 4.7). In contrast to the results of the target measurement (figure 4.1), only
a single (002) peak is visible, indicating that Sr (and Ba) were incorporated into
the NBTO crystal structure during the PLD process. Again, the buffer layer
reflections partially overlap with the strong substrate peak due to the comparable
lattice parameters of LSCO and LAO, therefore the peaks are barely
distinguishable. The out-of-plane lattice parameters are 3.95 + 0.03 A marginally

smaller than those of pure NBTO films.
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Figure 4.7 - XRD scans of NBSBTO grown on LAO substrates at different temperatures.
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The epitaxial relationship between the NBSBTO layer and the single
crystalline substrate was investigated using pole figure measurements (figure 4.8
(@)). As with pure NBTO, all (110) pole figures exhibit a four-fold symmetry,
showing that the orientation was transferred epitaxially from the LAO single
crystal to the LSCO buffer layer and then to the NBSBTO thin film. There is no
other texture component of this material detectable for all deposition
temperatures investigated. The phi-scans show a wide peak for the sample

deposited at 600 °C, narrowing at 550 °C and being the narrowest at 650 °C.
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Figure 4.8 - Structural characterization of NBSBTO samples: (a) Pole figure
measurements of the (110) NBSBTO peak for films grown on LAO substrates at different
deposition temperatures; (b) Phi-scans of the NBSBTO samples deposited on LAO at

different temperatures.

Additionally, the effect of film thickness was investigated for NBSBTO
layers. Figure 4.9 (a) illustrates XRD scans of three distinct films for a 26 range
close to the (001) substrate peak. The two thinner films were deposited at a rate
of approximately 0.15 nm s! in the same manner as the other films discussed
previously. In comparison, the NBSBTO film with a thickness of around 1 ym was
grown substantially faster, at a rate of approximately 1 nm s-'. The films with a
thickness of 75 nm (¢ = 3.93 + 0.01 A) and 250 nm (¢ = 3.94 + 0.01 A) exhibit
(00¢) peaks with a minor increase in the lattice parameter (i.e., smaller 26 values).
Using the same deposition rate, similar results were obtained for different

thicknesses up to 400 nm (scans not shown). In comparison, the 1 pm thick film
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exhibits a significantly larger out-of-plane lattice parameter (¢ = 4.00 + 0.03 A)

and an extra (110) peak.

= = 0.82 { log intensity
s |l e 10pm | max
o o ——0.25 ym =
= < ——0.075 pm
a substrate
z 0.80| ‘
EE = LAO (103)
8 ] 5 = =
2 = 78| W
2 ] ° | o |
[} 5 [
E 1 g :
= ' f LSCO (103)
- 0.76
0.74 ;
215 3|0 3'5 0.23 0.25 0.27 0.29
(@) 26(°) (b) Q, (rlu)

Figure 4.9 - Structural characterization of NBSBTO films: (a) XRD scans of NBSBTO film
with different thicknesses grown on LSCO-buffered LAO substrates; (b) RSM map of the
(103) peaks for a 400 nm thick NBSBTO layer grown on LSCO buffered LAO at 550 °C.

Once more, RSM was used to determine the in-plane lattice parameters
of NBSBTO films; one example is shown in figure 4.9 (b). Similar measurements
were performed on samples deposited at higher temperatures. The LSCO layer's
strained growth was confirmed for all temperatures by observing similar Qx values
to those seen for the single crystal peak. The NBSBTO in-plane lattice constant
is around 3.85 A somewhat bigger than those of the substrate (¢ = 3.79 A), while
its out-of-plane lattice constant is 3.94 A. The difference between the in-plane
and out-of-plane lattice parameters with ¢/a = 1.02 confirms once again the

tetragonal distortion of the unit cell, as observed for pure NBTO films.
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Figure 4.10 - Morphology of the NBSBTO samples: (a) Cross-section SEM image of the
NBSBTO sample with 1 um thickness; AFM scan with a size of 2 ym by 2 um for
NBSBTO grown at 550 °C with a thickness of: (b) 75 nm, (c) 400 nm, and (d) 1 pm.

SEM pictures of NBSBTO film cross-sections were utilized to determine
their thickness and to characterize their overall morphology. All samples exhibit
a dense structure with columnar grains and some extra pores that extend the full
thickness of the film (see figure 4.10 (a) for the 1 um thick sample). Columnar
structures are frequently observed in thin films and may be the result of island
nucleation and growth. AFM scans of films with varying thicknesses were used
to investigate the surface morphology. Having a thickness of around 75 nm, the
film exhibits a uniform and fine structure with a grain size of approximately 10 £
0.8 nm (figure 4.10 (b)). As the film thickness increases, bigger grains are

detected, as illustrated in figure 4.10 (c) and (d), with an average size of around
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20 = 1.3 nm for 400 nm and a grain size of about 23 + 1.6 nm for 1 um thin film.
Additionally, with the thickest layer, agglomerates of smaller grains with a size of
up to 200 nm and bigger pores are apparent. This might be related to the
misorientation observed in the XRD scan regarding the (110) peak.
Simultaneously, the rms roughness increases from 2.6 nm over 5.8 nm to 6.5 nm
for the samples shown. The growing particle size and roughness imply that grains

become coarser as they grow in thickness, with some grains being overtaken by

others.
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Figure 4.11 - Structural and morphological characterization of the doped NBSBTO: (a)
XRD scans of the NBSBTO and NBSBTO 5/10 deposited on LAO at 600 °C; (b) Pole
figure measurements of the (110) NBSBTO 5/10 for films grown with the same
conditions; (c) cross-section of an, approximately, 400 nm doped NBSBTO thin film; (d)
AFM scan of a 2 ym by 2 pym of a doped NBSBTO thin film.

To compensate for the loss during the high-temperature sintering and the

PLD deposition, again Bi2O3 and Na2CO3z were added to a second NBSBTO
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target, which was used afterward for the film deposition. The XRD patterns once
again show exclusively (00f) peaks of the NBSBTO 5/10 film as seen in figure
4.11 (a). With an in-plane lattice parameter of 3.83 A and an out-of-plane lattice
parameter of 3.94 A, a tetragonal distortion of about 1.03 is found. As with pure
NBSBTO deposited at the same temperature, the (110) pole figure shown in
figure 4.11 (b) exhibits fourfold symmetry, indicating that the orientation was
epitaxially transferred from the LAO single crystal to the LSCO buffer layer and
then to the NBSBTO 5/10 thin film. Figure 4.11 (c) depicts a cross-section SEM
of a thin film with a thickness of about 400 nm. It contains a large number of
defects. Even at the interface between the dielectric layer and the top layer, the
presence of pores is easily noticeable. Additionally, a significant degree of
surface roughness is seen, which is corroborated by the AFM scan in figure 4.11

(d), which has a rms of 7.24 nm.

Although the high roughness and emerging grains may make it difficult to
evaluate dielectric and ferroelectric characteristics, a preliminary electrical
characterization was performed for the NBTO and NBSBTO-based thin films.

4.3. Electrical properties of NBTO-based thin

films

The dielectric and ferroelectric properties of NBTO-based thin films are
critical for the characterization of the electrocaloric effect. Thus, polarization
hysteresis, leakage current, and permittivity were investigated in order to

characterize the grown films.
4.3.1. NaosBiosTiOs-based thin films

After preparing Pt contacts, the polarization hysteresis loops P(E) and
leakage currents were measured at different temperatures for chosen samples
when an electric field of up to 375 kV cm™' was applied. Exemplary results for an
NBTO layer grown at 550 °C on an LSCO/LAO substrate are presented in figure
4.12 (a) and (b).
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Figure 4.12 - Electrical measurements at different temperatures for a NBTO layer grown
on a LAO/LSCO substrate at 550 °C. (a) P(E) measurement with a frequency of 1 kHz;

(b) leakage current measurement.

For NBTO samples deposited at 550 °C, the polarization was measured
at -30°C and 30°C, to compare the value of the maximum polarization and the
shape of the hysteresis loops. The polarization loops are asymmetrical and do
not show any ferroelectric behavior, making redundant the comparison of
maximum polarization. Due to this asymmetric behavior, it was not possible to
obtain the coercive field and remnant polarization. Leakage current
measurements were taken to verify this. The results are shown in figure 4.12 (b).
For all temperatures and both polarities, the results suggest an exponential rise
in current density with an applied electric field. For a temperature of -30 °C, at the
positive branch, a maximum leakage current of 5.1 x 10* A cm was observed
for a field of 350 kV cm, but for the negative branch, the leakage current
increased to 1.3 x 10" A cm. Similar behavior is observed when films are
deposited at a higher temperature or on the YAO substrate. These samples show
a significantly larger resistive contribution. The high surface roughness with
protruding grains, extra pores (not shown), and a significant number of defects,

such as oxygen vacancies, might account for the high leakage currents.

In summary, epitaxial growth of pure NBTO layers was achieved, where
the use of LAO substrates resulted in the widest parameter window. However, all
deposited samples showed a significant roughness and high leakage currents,

which hindered a dielectric analysis and resulted in poor ferroelectric
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characteristics. As a result, we concentrated on doped NBTO films in order to
determine if the addition of BaTiOs and SrTiOs leads to enhanced thin film

characteristics for this material.

4.3.2. Epitaxial Nao.3sBio.38Sro.18Bao.os TiO3 thin films

As described in Section 2.9, doping NBTO with BTO and STO enhances
the dielectric characteristics. Temperature-dependent permittivity measurements

were done to corroborate this.

All samples have been subjected to temperature-dependent dielectric
tests in order to determine their permittivity. Unfortunately, the majority of
samples again exhibit substantial leakage currents at elevated temperatures,
preventing a comprehensive study. Nonetheless, some results were acquired for
the approximately 1 uym thick film in order to compare them to data collected on
bulk material that had been treated similarly to the target [217]. Figure 4.13 shows
both datasets.
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Figure 4.13 - Relative permittivity and loss tan & of: (a) bulk NBSBTO at different
frequencies (data adapted from [217]); (b) 1 um NBSBTO sample grown on LAO.

For temperatures below 130 °C, the permittivity of the bulk material is
temperature-dependent. The tan § demonstrates a frequency dependency with a
local maximum at low frequencies that moves to room-temperature at higher
frequencies (see figure 4.13 (a)). In other publications, this tan § peak is referred
to as the depolarization temperature (T4) [157, 158]. By contrast, at about 220 °C,

the temperature of maximum permittivity (Tm) exhibits negligible frequency
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dependency, whereas tan § approaches a minimum. It should be noted, that also

other groups got comparable results [218].

The temperature dependence of the permittivity for the predominantly
epitaxial film with a thickness of about 1 um is shown in figure 4.13 (b). In general,
permittivity values are significantly lower, as is frequently observed for thin films.
At low temperatures, tan § exhibits a frequency-dependent peak similar to that of
the bulk material. The values, however, are significantly higher, and the maximum
is moved to lower temperatures with a greater frequency shift. This behavior
might imply that T4 has shifted to lower temperatures, either as a result of the
tetragonal distortion or owing to stoichiometric changes. An increase in tan § is
noticed at higher temperatures, which may be due to large leakage currents. As
a result, the permittivity increases abnormally at high temperatures (the onset is
seen in figure 4.13 (b)). As with bulk materials, the permittivity has a low-
frequency dependency between 50 and 200 °C, but across a narrower
temperature range. Even though the qualitative temperature and frequency
dependence of the dielectric characteristics appears to be comparable for bulk
and thin film materials, the thin film results should be interpreted cautiously due

to a significant resistive contribution to leakage measurements.

The effect of temperature on the electric field-dependent polarization
hysteresis P(E) and the leakage current is seen in figure 4.14 (a) and (b) for the
same sample. Polarization and leakage current measurements were made at -
100 °C and 30 °C, respectively, using a 1 kHz frequency. At low temperatures,
the sample exhibits a distinctive s-shape and closed polarization loop, which is
typical for thin film materials [106]. The highest polarization was 8.3 uC cm, the
remnant polarization was 1.2 yC cm, and the coercive field was 58 kV cm-'.
Whereas low-temperature polarization measurements imply symmetric
hysteresis loops, room-temperature polarization measurements reveal an
asymmetric behavior. The unusual shape may be attributed mostly to resistive
contributions, i.e., electrical pathways across the film resulting in loop
deformation [195]. As a result, this data cannot be used for indirect ECE
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characterization due to the requirement for polarization measurements in function

of applied temperature over a wider temperature range.
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Figure 4.14 - Electric characterization of the 1 ym NBSBTO sample at -100 °C and at

room temperature. (a) P(E) measurements; (b) leakage current measurement.

Finally, leakage current measurements were made to ascertain the effect
of resistive contributions on reported polarization loops. For a temperature of -
100 °C, currents in the order of roughly 10¢ A cm? were recorded. However,
when the sample is tested at room-temperature, the values considerably rise.
This is consistent with the temperature-dependent polarization loops exhibiting
an increasing resistive contribution. Similar results were obtained with somewhat
higher values for thinner NBSBTO films, indicating that leakage currents
decrease with increasing thickness. The observed behavior might be explained
by the samples' high defect density, which creates conducting pathways between
the two electrodes. The significant surface roughness and porosity found at the
surface and in cross-sections, in particular, may contribute to this resistive
behavior. The columnar grain boundaries may exert an extra impact. Our results
for polarization and leakage current are comparable to those reported in the
literature [151], albeit at lower temperatures and with higher electric fields.

4.4. Chapter conclusions

By adjusting the deposition conditions, epitaxial NBTO-based thin films
were produced on LSCO-buffered YAO and LAO substrates. The presence of

68



extra texture components in films grown on YAO implies that epitaxial growth of
NBTO on these crystals occurs over a very restricted temperature range. In
comparison, LAO substrates appear to be more suited, as just one epitaxial
texture component was detected across the temperature range investigated.
RSM measurements revealed a strained LSCO and a relaxed NBTO layer with
an (001) orientation and an extra tetragonal distortion. Even for thin films,
however, considerable roughness with protruding grains was found.
Measurements of polarization hysteresis and leakage current revealed a low film
resistivity, hindering future ferroelectric and dielectric investigations. NBSBTO
films produced on LAO exhibited similar structural characteristics. Cross-
sectional pictures indicated the presence of a columnar structure throughout the
film thickness, but increasing thickness resulted in increased surface roughness
and grain size. At -100 °C, electric field-dependent polarization loops showed
ferroelectric activity with a maximum polarization of 8.3 yC cm? at 500 kV cm'.
However, room-temperature experiments indicated a considerable resistive
contribution to the polarization loops, preventing the ECE from being evaluated.
In summary, while epitaxial development of NBTO-based thin films has been
proven, additional microstructure tuning is necessary to minimize roughness and
leakage currents at increased temperatures. Additional Mn doping or

stoichiometric adjustments did not enhance these features.
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5. Electrocaloric temperature changes

in epitaxial Ba1xSrxT103 thin films

The primary objective of chapter 5 is to examine the relationship between
structural parameters and the electrocaloric impact in lead-free epitaxial Ba1-
xSrxTi03 (BSTO) thin film architectures. Thus, pulsed laser deposition was used
to create BSTO thin films with Sr concentrations ranging from x =0 to x = 0.3 on
SrRuOs buffered SrTiOs single crystalline substrates. The resulting structural and

electrical properties are discussed in the following.

5.1. Structural characterization

5.1.1. Influence of the Sr content

Based on the literature [190, 219], the effect of Sr concentration on the
structural characteristics of BTO thin films was investigated. Figure 5.1(a) shows
the XRD patterns of the resultant BSTO thin films with a thickness of roughly 200
nm for compositions ranging from x = 0 to x = 0.3. Both, the STO single crystal
and the BSTO thin films exhibit narrow (00{) peaks. Due to their comparable
crystal structure and lattice parameter (STO: a = 3.905 A; SRO: a=3.910 A), the
SRO peaks are indistinguishable from the substrate peaks. The 26 angle of the
BSTO peaks increases as the Sr concentration increases, indicating a reduction
in the out-of-plane lattice parameter from 4.06 A for pure BTO to 4.02 A for x =
0.3, as previously reported [175]. Additional texture measurements were taken to
investigate the layers' in-plane alignment. Pole figures revealed a single texture
component in all BSTO films, identical to the one presented in figure 5.1(b), which
was obtained from the thickest film with x = 0.3. The fourfold symmetry of the
(220) BSTO poles at 45° indicates that the SRO buffer transfers the orientation
of the STO single crystal substrate to the ferroelectric layer, resulting in a cube-
on-cube epitaxial relationship. Additionally, no twinning (i.e., no additional spots
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in the pole figure due to a secondary texture component) was observed in thicker

films, which is frequently found in pure BTO layers [190, 220].
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Figure 5.1 - Structural characterization of Ba1xSr«TiOs thin films: (a) 6-260 scans in
dependence of the Sr content for the deposited thin films, BSTO (00{) peaks are marked
with a green bar; (b) Pole figure of the (220) lattice planes for a BSTO epitaxial thin film

(x = 0.3) having a thickness of about 680 nm.

To analyze the in-plane lattice parameters for all samples, detailed RSM
measurements of the (103) and (-103) poles were performed. Figure 5.2 (a)
illustrates such a map, in which all layers of the grown architecture are visible.
Due to the limited thickness of the SRO buffer, the related peak is stretched along
the Q: axis, whereas a similar Qx value as for the STO substrate peak suggests
coherent growth, which is characteristic for SRO as typically a step-flow growth
is observed [192, 221, 222]. In comparison, the BSTO layer exhibits different Qx
and Q: values, indicating a relaxed growth state caused by the substantial lattice
misfit toward the substrate (about 3 % for pure BTO and still 1.9 % for BSTO with
x = 0.3). The BSTO (103) peaks are considerably widened in reciprocal space,
which may be due to the layer's fine grain structure, strain, and/or mosaicity.
Nonetheless, the lattice parameters may be calculated from the peak maxima;
the results are given in figure 5.2 (b). As expected, the in-plane and out-of-plane
lattice parameters are dependent on the Sr concentration. Without exception, all
films exhibit a tetragonal distortion in contrast to the cubic structure of the bulk
BSTO with x = 0.3 at room-temperature [175]. The difference between the in-
plane and out-of-plane parameters remains almost constant; hence, the

tetragonal distortion may be caused in part by the substrate and film having
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differing thermal expansion coefficients during cooldown. The tetragonal
distortion is similarly affected by oxygen concentration and Ba/Ti ratio. For films
deposited at higher oxygen pressures, the in-plane lattice parameter is larger
than the out-of-plane [223]. With regard to the Ba/Ti ratio, the tetragonal distortion
is highest at Ba/Ti = 1, diminishes with increasing ratio, and is almost constant
for Ba/Ti ratios = 1.01 [224]. Unfortunately, it was not possible to determine the
stoichiometry of the film with simple EDX measurements in the SEM as the

substrate as well as the buffer containing Ti and Sr.
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Figure 5.2 - Reciprocal space mapping and in-plane and out-of-plane lattice parameter
of: (a) the (-103) peaks for a BSTO film (x = 0.1) on a STO/SRO substrate with 200 nm
thickness; (b) In-plane and out-of-plane lattice parameters of about 200 nm thick BSTO
thin films in dependence on the Sr content. The a and c lattice constant of bulk materials

were added for comparison.

The influence of the film thickness on the structural characteristics of
BSTO layers was studied by choosing the concentration x = 0.3 because it
exhibits the highest ECE performance (maximum |AT] of 0.7 K at 50 °C for an E
of 350 kV cm™') for the Sr doped layers (see section 5.7 (a)). To investigate the
effect of this parameter on the structural and functional characteristics, films
having a thickness of around 100 nm to 700 nm were deposited. In general,
comparable characterization approaches to those described previously were
used to study the crystal structure.
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Figure 5.3 - Dependence of the structural properties on thickness for BSTO films with x
= 0.3: (a) Influence of the thickness on the number of pulses; (b) 6 - 26 scans; (c) in-
plane and out-of-plane lattice parameters determined by RSM; (d) Phi-scans for 100 nm,

450 nm and 680 nm thick samples.

The relationship between the film thickness determined by FIB cuts and
the number of pulses employed in the deposition is shown in figure 5.3 (a). The
data indicate a linear dependence of thickness on the number of pulses. This
implies a steady deposition rate at all times, which is in contrast to the deposition
of NBTO-based thin films. Standard XRD (figure 5.3 (b)) analysis finds distinct
(00¢) peaks in all samples with a slight 26 angle shift to higher values, suggesting
that the out-of-plane lattice parameter decreases with increasing thickness. Pole
figure measurements (not shown, compare figure 5.1(b) for the thickest layer)
reveal that all samples exhibit an undisturbed epitaxial growth. The in-plane and
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out-of-plane lattice parameters were determined again using RSM; the results
are presented in figure 5.3 (c). While the in-plane lattice parameter does not vary
much with sample thickness, the out-of-plane lattice parameter exhibits a distinct
trend. As a result, the tetragonal distortion decreases as the thickness increases.
In general, this variation of the in-plane and out-of-plain lattice parameters might
result from the clamping of the ferroelectric layer to the substrate. With increasing
Sr content, the unit cell presents a more relaxed state. Again, no twinning is seen
even at the thickest layer, indicating that the oxygen background pressure
employed is appropriate for the epitaxial growth of BSTO thin films. Figure 5.3 (d)
presents phi-scans of three selected samples, whereas table 5.1 summarizes the
FWHM values for all measured layers and the in-plane and out-of-plane lattice

parameters:

Table 5.1 - FWHM values and in-plane and out-of-plane lattice parameters for BSTO

with x = 0.3 thin films with distinctive thickness.

Thickness (nm) FWHM (°) In-plane (A) Out-of-plane (A)

110 1.01+0.1 3.977 4.028
210 1.05+0.1 3.98 4.022
350 1.0+ 0.1 3.978 4.016
450 0.93+0.1 3.982 4.013
510 1.06 + 0.1 3.983 4.012
680 0.99+0.1 3.978 4.008

Atomic force microscopy with a scan size of 4 ym? was used to study the
surface morphology of the thin films with a thickness of 200 nm. The results are
presented in figure 5.4. The smooth surface of the 200 nm thick BTO film is
interrupted by a number of small protruding grains with an average grain size of
around 80 nm and a height of about 5 nm. This results in a root mean square
(rms) of 1.2 nm, which is consistent with previously reported data [190, 219].
When Ba is substituted for Sr, the protruding grains becomes smaller, resulting

in a film structure with visible terraces and a decreased rms value. Whereas for

75



BSTO (x = 0.1), some extra grains are discernible, resulting in a rms value of

around 1 nm, the roughness of BSTO with x > 0.1 falls significantly to values <
0.25 nm, with a rms of 0.19 nm for the BSTO (x = 0.2) thin films and 0.18 nm for
the BSTO with x = 0.3 films.

5.9nm 22.1nm

0nm

1.69 nm

0 nm 0nm

©) | B (d)

Figure 5.4 - Analysis of the surface roughness by AFM (size 2 ym x 2 ym) for BSTO films
with different Sr contents: (a) pure BTO; (b) x = 0.1; (¢) x=0.2; (d) x = 0.3.

For all thicknesses of the BSTO layers with x = 0.3, smooth films with a
terrace-like microstructure were found (figure 5.5 for a BSTO thin film with 110
nm (a) and 680 nm (b)). Terraces of this type may develop on the STO substrate
and are replicated on the film surface as a result of layer-by-layer or step-flow
growth. The overall morphology of BSTO films was determined using SEM
images of cross-sections (figure 5.5 (c)). All samples have a dense structure, no

visible columnar structures (in contrast to the NBTO samples in figure 4.10), and
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a clean interface transition in all layers. Figure 5.5 (d) summarizes the sample
roughness at all thicknesses. Each sample has a very smooth surface, with a rms
difference of only 0.12 nm across a thickness range of around 600 nm. As a
result, there is a significantly lower rms value, as presented by Zhou et al. [225],
who deposited comparable BSTO layers using PLD on a
(LaAlO3)o.3(Sr2AITa0s)o.7 (LSAT) single crystal substrate with a greater lattice
misfit. The same can be seen for Zr containing thin films, having a rms < 1 nm
[219].
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Figure 5.5 - Analysis of the surface roughness by AFM (size 2 ym x 2 ym) and layer
structure by FIB: (a) AFM image of the 110 nm thick BSTO film; (b) AFM image of the
680 nm thick BSTO film; (c) Cross-section of a BSTO thin film with x = 0.3 having an
approximate thickness of 440 nm; (d) Influence of thickness on the surface roughness
for all studied films.
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5.2. Electrical characterization

The study's primary objective was to evaluate the electrocaloric
performance of the chosen materials. As a result, a thorough electrical
characterization of BSTO films with varying Sr concentrations and film
thicknesses was conducted. The permittivity (&) as a function of temperature was
analyzed at frequencies ranging from 100 Hz to 100 kHz in order to study the
phase transition of the deposited thin films. Figure 5.6 (a) and (c) summarizes the
results for the dependence of the permittivity on temperature for different Sr
content and thickness for BSTO with x = 0.3, respectively. For proper ferroelectric
materials, it is expected that & will exhibit a local maximum near a phase
transition. However, a large peak is apparent in all measurements, which is
characteristic of diffuse phase transitions. Additionally, when the frequency
increases, the temperature of maximum permittivity (7m) increases, which is a
feature of relaxor ferroelectrics (figure 5.6 (e)). Finally, larger ¢ values are
obtained for lower frequencies, and a minor tan § loss increase with temperature,

which is consistent with previous work on BSTO ceramics [27, 180].
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Figure 5.6 - Study of the permittivity on BSTO samples by Sr content and sample
thickness: (a) Normalized relative permittivity & vs temperature measured at 1 kHz for
about 200 nm thick BSTO films with different Sr content; (b) Temperature of maximum
permittivity vs Sr concentration for the samples in comparison to bulk values [170]; (c)
Relative permittivity & and loss tan § vs temperature measured at 1 kHz for Bag 7Sro3TiOs
samples with different thickness; (d) Linear correlation between the maximum value of
permittivity and sample thickness; (e) Influence of the frequency on the temperature of

maximum permittivity for the sample with a thickness of 680 nm.
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Figure 5.6 (a) depicts the permittivity dependency on Sr content for BSTO
films with a thickness of roughly 200 nm. Since the measured maximum
permittivity of Sr-doped samples is lower than that of pure BTO sample (¢-= 1900
F m), the values were normalized to make comparisons easier. As already
mentioned, there is only one broad single peak evident for all BSTO
concentrations, indicating a diffuse phase transition. Such behavior could be
caused by substrate clamping [219]. A second phase transition as observed for
bulk ceramics might explain the additional shoulder at lower temperatures for the
BTO layer and the BSTO films with low Sr concentration. As shown in figure 5.6
(b), Tm decreases with increasing Sr content from about 140°C for pure BTO to
nearly identical values for x = 0.1 and x = 0.2, and a value of about -20 °C for x =
0.3. As described in chapter 2, Tc decreases with Sr content also in bulk BSTO
ceramics [27, 180], which is explained by a volume change in the BSTO unit cell
due to the introduction of Sr content [226]. Similar to their bulk equivalents, a
decrease in T¢c was reported for BSTO films with increasing Sr content [170, 227].
Although the temperature of maximum permittivity drops with increasing Sr
concentration for both thin films and bulk, the decrease is smaller for bulk [170]
while the difference is fairly large when compared with the results obtained for
thin films, presented in this study. Figure 5.6 (c) indicates how the permittivity &
increases with thickness for BSTO samples with x = 0.3. With increasing film
thickness, all samples show again a broad peak with a maximum that shifts
slightly to lower temperatures. The dependence of the maximum permittivity on
the sample thickness is plotted in figure 5.6 (d) and shows an almost linear
correlation for the range studied. Different groups found a similar thickness
dependence for BSTO thin films [228-230]. Such scaling effects can have a
variety of causes, although they are most commonly described in relation to
electrical and mechanical boundary conditions, as well as grain size changes
[231, 232]. On the one hand, inactive "dead" layers near the electrodes have a
smaller impact on the dielectric characteristics of thicker films. Mechanical
boundary conditions, on the other hand, result in compressive tension owing to
clamping on the STO substrate, which may be alleviated in thicker layers due to
relaxation effects. Figure 5.6 (e) shows the influence of frequency on T of the

BSTO thin film with a thickness of 680 nm. The increase of T, with frequency is
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characteristic of a relaxor ferroelectric as

of permittivity.
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Figure 5.7 - Polarization hysteresis of BSTO films in dependence of: (a) Sr content at

room temperature; (b) film thickness for samples with x = 0.3; (c) temperature for a 200

nm thick sample with x = 0.3; (d) Dependence of the maximum polarization at 350 kV
cm™ on temperature for a 210 nm thin film with x = 0.3.

Figure 5.7 shows the results of selected polarization measurements

obtained for films with different Sr concentrations, measurement temperatures,

and sample thicknesses, respectively. The values of the coercive field and the

remanent polarization are summarized in table 5.2:
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Table 5.2 - Remanent polarization, coercive field, and maximum of polarization for BSTO
thin films with different Sr concentrations (200 nm thick), different temperatures (x = 0.3,
200 nm thick) and film thickness (x = 0.3) at 350 kV cm™".

Remanent polarization Coercive field p M.a X.
(uC cm?) (kV cm") oIarlzat_lzon
(uC cm™)
Sr content
BTO 1.4 13.3 16.6
BSTO 90/10 0.9 17.8 12.3
BSTO 80/20 1.0 11.0 14 .4
BSTO 70/30 0.7 11.0 13.4
Thickness (nm)
110 1.6 21.3 14.5
210 0.4 6.9 13.4
350 0.6 6.5 14.1
450 1.0 12.6 13.8
510 1.1 14.1 13.9
680 1.1 8.8 15.4
Temperature (°C)

-100 1.4 14.3 15.2

30 0.4 6.9 13.4

100 0.2 5.1 11.4

The polarization hysteresis loops (figure 5.7 (a) to (c)) display the
characteristics of a thin ferroelectric relaxor film with a slim s-shaped form [231].
The maximum polarization diminishes with increasing Sr content (figure 5.7 (a)),
as well as the remanent polarization and the coercive field (table 5.2). This
phenomenon might be explained by the change in the grain size, densification,
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and morphology of Sr-containing ceramics [233, 234]. Additionally, the
ferroelectric transition temperature comes closer to room-temperature, with
increasing Sr content, which leads to a reduced polarization. The results obtained
for the polarization at different film thicknesses are shown in figure 5. 7 (b) and
are consistent with the theoretical study of Ban et al. [235]. It was stated in their
publication that considering the compressive nature of a STO substrate, the
polarization of BSTO with x = 0.3 should decrease with increasing sample
thickness due to the relaxation of compressive stresses caused by misfit
dislocations associated with the increasing thickness. This decrease in
polarization would be more accentuated for thinner samples and gradually
become constant with increasing thickness. The remanent polarization and the
coercive field decrease with increasing film thickness, presenting lower values on
the samples with 210 nm and 350 nm. The change in polarization for varying
temperatures is seen in figure 5.7 (c) for a 200 nm thick film. The polarization
rises as the temperature decreases, which is expected from the standard P(T)
phase diagram indicating that an increasing temperature eventually destroys the
ordered arrangement of the permanent dipoles, which is similar to the results of
other groups [27, 178]. Simultaneously, the hysteresis loop grows narrower,
suggesting that the films are gradually transitioning from the ferroelectric to the
paraelectric phase [27]. Here, the remanent polarization and the coercive field
decrease with increasing temperature. The maximum polarization in dependence
on temperature is shown in figure 5.7 (d) for a sample of 210 nm. As expected, it

shows a decrease in the maximum polarization with increasing temperature.
5.3. Electrocaloric characterization

In the final step, the indirect method based on Maxwell relations [132] was
used to analyze the adiabatic temperature change |AT] due to the ECE effect.
Using a 350 kV cm™ applied electric field as a starting value, the P(E, T)
dependence during field removal, which corresponds to the positive upper branch
of the polarization hysteresis loop, was determined. P(E) loops were measured
with a 10 K step size from 150 °C to -150 °C to reduce the impact of fatigue.
Polarization and hysteresis decrease with increasing temperature for all samples,
regardless of the applied electric field (compare figure 5.7 (a)). After that, the P(E)
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measurements at constant temperatures were used to receive P(T) curves for

various electric fields.

As proposed by Mischenko et al [18], dP/dT values were computed using
fourth-order polynomial fits of these P(T) data to be applied for the calculation of
|AT] according to equation 2.4. The evaluation employed an increasing heat
capacity cp(T) with values ranging from 2.1 J m= K" at -100 °C to 3.05 J m3 K-
at 120 °C. These values were determined from polycrystalline BTO film by cp(T)
measurements [202], with anomalies at T¢c omitted. At the same time, any effect
of the electric field on the specific heat was ignored. As the BTO and BSTO thin
films studied here have a diffuse phase transition, this simplification is feasible.
No peak-like anomalies were identified in cp,(E = 0, T) data for similar epitaxial
BTO thin films over the temperature range from room-temperature to 550 K [236].
Strukov et al. studied c,(E = 0, T) for different thicknesses of polycrystalline BTO
films and discovered that anomalies in the specific heat at T¢ are less noticeable
in thinner films [202]. As a result, if co(E = 0, T) only has a diffuse maximum
around Tpm, the further broadening of the specific heat maximum with an increased
electric field will be less meaningful. Despite modest changes in the density of
BSTO with increasing Sr concentration, a comparable cy(T) dependence was
assumed in the computations for all film compositions for simplicity. Although the
assumptions made above may cause some uncertainty in the resulting |AT]|
values, we believe they are a reasonable approximation for estimating the

electrocaloric response.
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Figure 5.8 - Adiabatic temperature change of BTO and BSTO thin films: (a) Dependence
of |AT] on the temperature for the different Sr concentrations for a AE of 350 kV cm™;
(b) |AT] dependence of BSTO with x = 0.3 for the different film’s thicknesses using AE of
350 kV cm™.

Figures 5.8 (a) and (b) show the estimated temperature changes for
different Sr concentrations and film thicknesses as a function of temperature. A
broad |AT] maximum was found for all samples, as expected for second-order or
diffuse phase transitions [14, 236]. Peak values between 30 °C and 50 °C were
found in most films, with no clear dependence on Sr concentration or sample
thickness. Furthermore, no apparent relationship between the |AT| curves and
the temperature dependence of &(T) was discovered. The pure BTO film has the
highest |AT] of around 0.8 K in comparison to the Sr-containing samples (figure
5.8 (a)) when an electric field of 350 kV cm™ is applied; nevertheless, the
differences are minor. They might be connected to the phase transition itself, i.e.
a more diffuse transition with a higher Sr content resulting in a lower |AT/AE]|
value [21, 236], as demonstrated by the widened &/(T) dependency (see figure
5.6 (a)). BSTO ceramics with comparable Sr concentrations exhibited similar
behavior [27, 179, 180]. The ECE response of the BSTO film with x = 0.3 is
equivalent to that of the pure BTO film. At the same time, as previously
mentioned, the surface roughness has considerably decreased. As a result, we
focused on this composition for a thorough examination of the effects of film
thickness (figure 5.8 (b)) and electrical field strength (figure 5.9 (a)) on ECE
characteristics. Under a 350 kV cm™ electric field, the temperature change |AT]

rises with increasing thickness, reaching approximately 1.1 K for the 680 nm thick
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film. The increased |AT] with increasing thickness might be owing to the clamping
effect [237], which has a smaller impact as thickness increases, but it could also
be due to a potential change in the strain state [238], where a changing c/a ratio

plays a role.
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Figure 5.9 - Adiabatic temperature change of x = 0.3 film: (a) |AT] in dependence on the

applied electric field; (b) Linear correlation between the applied electric field and the
adiabatic variation of temperature regarding film thickness; (c) dependence of the

magnitude of the electrocaloric effect on the applied electric field.

Figure 5.9 (a) shows how greater electric fields were used to achieve
larger temperature changes for the same material. In this scenario, |AT] grows
with the applied electrical field (figure 5.9 (b)), reaching a maximum of 2.9 K for
E =750 kV cm™', equivalent to an ECE strength (JAT/AE]) of 0.04 x 106 K m V-

as seen in figure 5.9 (c).
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BTO is widely used for electrocaloric characterization. Pure bulk BTO
single crystal showed a |AT] of 0.9 K at a temperature of 129 °C for an applied
electric field of 12 kV cm-! [21] via the direct method. Bai et al. [20], using a direct
calorimetric measurement on a multilayer thick film, determined a |AT] of 7.1 K at
80 °C for an electric field of 800 kV cm'. Regarding the ECE in BTO thin films,
Wang et al. [239] revealed a |AT] of 0.75 K at 97 °C, for a 300 nm thick film, under
an applied electric field of 217 kV cm™', using the indirect method. Comparatively,
a |AT] of 0.8 K under 350 kV cm' was found in this work for a 200 nm thick BTO
film at room-temperature. Sanlialp et al. [133] reported results of a direct ECE
measurement on BTO with Zr doping using a modified differential calorimeter,
getting |AT] values of 0.54 K at 80 °C and 0.34 K at 33 °C under an electric field
of 20 kV cm™ for bulk Ba(Zro2TiOos)O3 and Ba(Zro.12Tio.ss)Os, respectively.
Furthermore, Engelhardt et al. [219] observed with the indirect method a |AT] of
0.3 K at 150 °C for epitaxial Ba(Zro.2TiOo.8)Os3 thin films under an electric field of
170 kV cm™™.

For Ba1xSrxTiOs bulk materials, a |AT] of 0.39 K at 76 °C has been shown
by Bai et al. [179] for x = 0.2 under an applied electrical field of 20 kV cm™" using
the indirect method. In the same article, a maximum |AT] of 0.36 K was found for
x = 0.3 at ambient temperature. As previously stated in chapter 2.10, the
ferroelectric phase transition occurs at room-temperature for x = 0.3. Giving that
significant entropy changes are found close to the phase transition temperature
[178], which leads to large |AT], this finding confirms that the ferroelectric phase
transition occurs near room-temperature when x = 0.3. Using the direct method,
this author demonstrated a |AT] of 0.16 K at 33 °C and 0.18 K at 25 °C for x=0.3
and x = 0.35, respectively. These results were obtained under an electric field of
10 kV cm-'. Concerning thin films, Lisenkov et al. [182] simulated the intrinsic
ECE in BaosSrosTiOs. A |AT] of 17 K was reported at a temperature of -23 °C, in
this case, while considering that an electric field of 500 kV cm-! was applied. Liu
[178] calculated the adiabatic variation of temperature by the indirect method for
0.1 < x < 0.3. under 350 kV cm-'. Contrary to the results presented in this work,
the obtained |AT| decreases with increasing Sr content. For samples with a
thickness of 300 nm, a |AT] of 1.9 K, 1.75 K, and 1.56 K, for x = 0.1, x = 0.2, and
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x = 0.3, respectively, was calculated. As expected, the temperature where |AT] is

maximum also decreases with increasing Sr content as expected.
5.4. Chapter conclusions

PLD was used to successfully prepare epitaxial BTO and Ba1-xSrxTiOs thin
films with varying thicknesses on STO substrates. The crystal structure of all
layers was tetragonal for all compositions, with decreasing lattice constants as Sr
concentration increased. The layers' surfaces are smooth with low roughness
values and evidence of layer-by-layer or step flow development in the form of
terrace-like steps. Electric measurements indicate that at lower temperatures,
there are fewer leakage currents and higher maximum polarization values.
Generally, the polarization hysteresis loops of BSTO films get smaller as the
temperature increases, indicating a relaxor-like behavior. Permittivity
measurements for all samples reveal wide peaks with a decreasing temperature
of maximum permittivity as Sr concentration increases, indicating a diffuse phase
transition. Due to the reduced impact of electrical and mechanical boundary
conditions, thicker films result in greater permittivity values. At 350 kV cm-', the
adiabatic temperature change is not greatly affected by Sr concentration but
increases significantly with increasing layer thickness. At an applied electric field
of 750 kV cm', a |AT] value of 2.9 K was obtained for a 680 nm thick BSTO layer
with x = 0.3, demonstrating the feasibility of such materials for more thorough

electrocaloric investigations.
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6. Conclusions

The major aim of this research was to investigate the relationship between
an epitaxial thin film microstructure and the electrocaloric effect. Two lead-free
ferroelectric materials were studied in this work. Nao.sBio.5TiOs-based thin films
were grown on different substrates and deposition conditions to test their
feasibility for electrocaloric studies. Epitaxial Ba1xSrxTiOs thin films with different
Sr contents were deposited on STO substrates to study their electrocaloric
performance. Various characterization methods were used to investigate the
crystal structure and morphology, whereas permittivity, polarization, and leakage
current were measured to estimate the electrocaloric properties.

Using stoichiometric targets, NBTO layers were grown with pulsed laser
deposition on LSCO-buffered (001)-oriented YAO, LAO, and STO single crystals.
Comparing the different films, a substantial influence of the substrate on growth
was observed. On STO, the NBTO peak is scarcely discernible with XRD due to
an almost identical c lattice parameter. The NBTO layer grown on YAO exhibits
a minor (110) peak, while the layer formed on LAO exhibits only (00f) peaks.
Subsequently, the deposition temperature was optimized for epitaxial growth of
the NBTO layer on LAO and YAO. On YAO, an epitaxial growth was only found
at 600 °C, whereas an additional (110) oriented texture component was found in
NBTO at 550 °C as well as at 650 °C. In contrast, epitaxial growth was observed
on LAO at all deposition temperatures studied.

All YAO and LAO films had a larger out-of-plane lattice constant than the
target, implying a tetragonal distortion. Texture analysis revealed fourfold
symmetry of the NBTO (110) peak, indicating that the orientation was transmitted
epitaxially from the substrate to the functional layer. Whereas no additional peaks
were observed in the pole figure for the films on LAO, only the layer deposited at
600 °C exhibits an undisturbed epitaxial growth on YAO. The RSM analysis
showed that the LSCO buffer, as well as the NBTO layer, are grown in a relaxed
state on YAO due to the significant lattice mismatch. In contrast, the LSCO buffer
layer is strained on LAO because of a relatively small misfit of about 1.3 %,
whereas the NBTO layer is also relaxed in this case. As a result, the surface of
the LSCO buffer might have a significantly higher defect density on YAO if
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compared with the layer on LAO. This in turn might have an influence on the
NBTO nucleation, resulting in a larger temperature range for epitaxial growth on
LAO. AFM scans of NBTO films deposited on YAO showed a heterogeneous
surface with high roughness decreasing with increasing deposition temperature
and a high density of small grains. In comparison, the samples on LAO had a
lower roughness but increased with higher deposition temperatures.
Nevertheless, a heterogeneous morphology with small grains aggregating into
conglomerates and the presence of pores was noticeable in higher-resolution
AFM scans. Cross-sectional scans revealed the presence of columnar structures
in the NBTO layer that extend over the whole layer thickness. Also here, the
presence of pores was visible throughout the thickness of the layer. Adding an
excess of BizO3 and Na2COs and doping with MnOz2 to the target material did not
disturb the epitaxial growth on LAO using the same deposition conditions as for
the pure NBTO layer. Compared to NBTO, a smaller tetragonal distortion was
obtained, but roughness and porosity remained similar.

Using a modified NBSBTO target and similar deposition conditions,
additional films were prepared. The XRD patterns of the samples mostly exhibit
(00?) peaks at all temperatures, indicating that Ba and Sr were integrated into the
NBTO crystal structure during the deposition process since no separate NBTO
and STO phase peaks are visible. Texture measurements confirm the epitaxial
growth of the NBSBTO layer. Additionally, the influence of film thickness was
examined. As thickness increases, a shift to a lower 26 is noticeable, resulting in
a slight rise in the out-of-plane lattice parameters. Films prepared with a higher
deposition rate and a thickness of about 1 yum revealed an additional (110) peak
in the XRD scans. RSM investigations confirmed that the unit cell is tetragonally
deformed at all temperatures and thicknesses. Cross-section scans indicated a
dense structure with columnar grains and pores extending the whole thickness of
the film. Increased sample thickness results in an increased surface roughness
and particle size. The addition of Bi2Os and Na2COs, revealed a slight variation
of the tetragonal distortion when compared with pure NBSBTO. Nonetheless,
only (00f) peaks were found hinting at an epitaxial growth, which was confirmed
by texture measurements. Cross-section SEM revealed a layer filled with pores
and suggested a rough surface that was confirmed by AFM scans.
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Polarization measurements on the pure NBTO film exhibited an
asymmetrical hysteresis loop up to a field of 375 kV cm™!, but no clear ferroelectric
behavior. Leakage current measurements revealed large leakage currents for
both polarities, with the negative branch exhibiting the most leakage. This is likely
a result of the high surface roughness, the existence of pores, and the presence
of many defects, such as oxygen vacancies.

The permittivity of NBSBTO films was determined using temperature-
dependent dielectric tests and compared to bulk material processed identically.
The permittivity values were found to be significantly lower than the values of the
bulk counterpart [217]. At low temperatures, tan & is frequency-dependent,
similarly to bulk; however, tan § is significantly higher than the bulk equivalent.
This might suggest that the depolarization temperature has decreased, either
because of the tetragonal distortion or as a result of stoichiometric alterations.
Due to the substantial resistive contribution of leakage current, no clear
conclusion about the permittivity of the NBSBTO thin films can be drawn. The
change of deposition conditions, mainly oxygen pressure and substrate
temperature during deposition, might help to address such a high resistive
contribution.

The influence of temperature on the electric field-dependent polarization
was examined to determine the NBSBTO thin films' ferroelectric properties. An
asymmetrical hysteresis loop was measured at ambient temperature. Apart from
the large losses, which were primarily found on the negative branch, the sample
exhibits ferroelectric behavior, which is more pronounced at lower temperatures.
At the same time, leakage measurements reveal significantly lower leakage
currents if compared with undoped NBTO films.

In summary, while epitaxial growth was achieved for NBTO-based thin
films, the high surface roughness and defect density prohibited electrocaloric
investigations on the grown films mainly due to high leakage currents at ambient
temperatures. Therefore, significant modifications of the deposition parameters
are required to optimize the microstructure, i.e. to decrease roughness and
leakage currents at elevated temperatures. Unfortunately, the first test with
additional doping of Mn or stoichiometric modifications had no effect on these
properties. Despite the ECE was already proven in bulk NBTO-based materials

[36, 66, 70, 161, 163], no electrocaloric investigation on thin films was possible in
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this study. Nonetheless, the contribution of this study to the epitaxial growth of
NBTO-based thin films is linked to the influence of substrate and deposition
parameters. The optimization of these parameters, namely background oxygen
pressure, laser fluence, and deposition rate may enable epitaxial growth to occur
over a broader temperature range and help improve the electrical properties of
NBTO thin films. Oxygen pressure exerts a substantial influence on the structural
and electrical characteristics of thin films. Therefore, oxygen vacancies may
occur because of oxygen fluctuation during deposition, which may lead to the
appearance of secondary phases. The laser fluence has a considerable influence
on the particle size and density of thin films, whilst the deposition rate helps to
maintain the target stoichiometry and minimize volatile material deficiencies such
as Na and Bi. Thus, for electrocaloric studies of NBTO-based thin films, the
choice of a more suitable substrate, with an ideal combination of substrate
temperature, oxygen background pressure, laser fluence, and deposition rate is
essential. Moreover, additional doping materials or stoichiometric changes may
be desirable.

Sr-doped BaTiOs was chosen as the second material system for study in
this work. By pulsed laser deposition, Ba1xSrxTiOs layers with compositions
ranging from x = 0 to x = 0.3 were deposited on SRO-buffered (001) oriented STO
single crystals. XRD scans of all samples exhibit narrow (00f) peaks and an
increase of the 20 angle with increasing Sr content, indicating a decrease of the
out-of-plane lattice parameter, as expected [175]. Pole figure measurements
showed a single epitaxial texture component for all samples. The SRO buffer
transmits the orientation of the STO single crystal substrate to the ferroelectric
layer, resulting in a cube-on-cube epitaxial relationship. RSM measurements
revealed a comparable Qx value for the SRO peak as for the STO substrate peak
indicating coherent growth, which is typical of SRO due to a step-flow growth
[192, 221, 222]. In comparison, the Qx and Q: values of the BSTO layer differ,
pointing to a relaxed growth state induced by a significant lattice misfit that
diminishes with increasing Sr concentration. The BSTO (103) peaks are
significantly widened in reciprocal space, which may be related to the fine grain
structure, strain, and mosaicity of the layer. With increasing Sr concentration, the
in-plane and out-of-plane lattice parameters decrease. Nonetheless, a tetragonal
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distortion was found for all samples even for a composition of x = 0.3, where a
cubic structure is observed in bulk [175].

The influence of layer thickness on the structural properties of BSTO was
studied by using a composition of x = 0.3. In contrast to NBTO films, a linear
dependence was found between thickness and number of pulses up to a
thickness of 700 nm. Standard XRD revealed distinct (00£) peaks with a minor 26
angle shift to higher values, implying that the out-of-plane lattice parameter
decreases with increasing thickness. Pole figure analysis revealed no additional
texture component apart from the epitaxial one. While the in-plane lattice
parameter does not show significant variation with sample thickness, the out-of-
plane lattice parameter gets smaller resulting in a decreased tetragonal distortion
for larger thicknesses. In general, this change in lattice parameters may be due
to the clamping to the substrate, which is reduced with a larger thickness. Again,
there was no evidence of twinning even in the thickest layer, showing that the
oxygen background pressure used is appropriate for the epitaxial growth of BSTO
thin films.

AFM scans revealed a low surface roughness for all films, where the pure
BTO sample showed a higher roughness compared to those with Sr doping.
Smooth films, with a terrace-like structure, were found for a concentration of x =
0.3, which might be the result of a layer-by-layer or step-flow growth. The rms
value increases only slightly with sample thickness up to a rms value of 0.23 nm
for the 680 thick films. These values are significantly lower than those found in
the literature [225]. Contrary to the NBTO films, no visible columnar structures
and a clean interface between all layers was observed in SEM cross-sections.

Permittivity measurements revealed diffuse phase transitions for all Sr
concentrations, which might originate from the substrate clamping. The
temperature of maximum permittivity decreases with increasing Sr content
reaching negative values for x = 0.3. Studies on thicker layers with x = 0.3
revealed the same broad permittivity peaks indicating a diffuse phase transition
and a linear relationship between thickness and maximum permittivity.
Furthermore, the frequency dependence of the temperature of maximum
permittivity is a sign of a relaxor ferroelectric behavior.

Polarization measurements showed symmetric hysteresis loops with a

narrow s-shaped structure typical for a thin ferroelectric relaxor film. The
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maximum polarization decreases with increasing Sr content, which might be
explained by the fact that Sr-containing ceramics undergo changes in grain size,
density, and morphology. The maximum polarization increases with increasing
thickness due to the relaxation of compressive stresses induced by misfit
dislocations. As the temperature decreases, the polarization increases and the
hysteresis loops get narrower, indicating that the films are progressively
transitioning from the paraelectric to the ferroelectric phase.

The indirect method is based on a thermodynamic analysis of field and
temperature-dependent polarization measurements. Pure BTO revealed a
slightly higher adiabatic temperature change (0.8 K) than Sr-containing samples,
of which x = 0.3 showed the highest |AT] at 0.76 K under an electric field of 350
kV cm'. The influence of film thickness on the ECE might be due to the clamping
effect, which has a smaller impact as the thickness increases. This is
corroborated by the results, where |AT] increased with increasing film thickness.
By applying higher electric fields, the obtained |AT] increased in a linear relation
with the electric field. At 750 kV cm', a |AT] of 2.9 K was reached, for the 680 nm
sample. This corresponds to an ECE strength of 0.04 x 10® K m V-'. The
determined electrocaloric properties are comparable to those of other BSTO thin
films and higher than those of bulk BSTO [27, 52, 179, 183].

This dissertation makes the following contributions to the fields of solid-

state cooling and electrocaloric effect research:

e Valuable information concerning the growth of NBTO and BSTO thin
films is provided. In-depth structural analyses have been critical in
clarifying the growth mechanisms that occurred during the fabrication of
these films.

e The substrate selection, in conjunction with optimum deposition
conditions, was found crucial for investigating the relationship between the
microstructure of studied epitaxial thin films and the electrocaloric effect.
e Polarization measurements demonstrated that external factors such
as leakage currents might cause deformations of the hysteresis loops,
resulting in an inaccurate calculation of the ECE. Furthermore, the P(E)
loops utilized for assessment should be symmetrical to the coordinate

origin which is not the case for NBTO-based samples. As a result, the
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samples should have the lowest possible residual conductivity over the full
temperature range examined.

e It was also shown that the deposition conditions for the BSTO samples
are optimized, resulting in epitaxial growth for all Sr concentrations with a
low defect density and smooth surfaces. Moreover, it was demonstrated
that epitaxial growth is achievable for samples measuring up to 700 nm.
e Furthermore, it was revealed that the samples can withstand a
magnitude of the applied electric field up to 750 kV cm-', resulting in a

larger |AT] that can also increase with increasing sample thickness.

Sequential deposition of all layers and subsequent microstructure may
lead to an enhanced interface between layers and a lesser number of defects, as
well as a decrease in the influence of the "dead" layer, resulting in a larger
magnitude of the electrocaloric effect. To avoid the disadvantages of the indirect
method, the direct measurement of |AT] is the next milestone for ECE in thin films.
The fast dissipation of heat caused by the ECE in the film into the substrate is
one of the major hurdles to the direct characterization of thin films. This obstacle
can be addressed if devices with high sensitivity and time resolution are

developed.
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