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Abstract 

Enhancing the energy storage properties of lead-free dielectric capacitors is a key 

focus in today's microelectronic industry. This objective is gaining importance in the 

quest to develop lead-free devices that align with lead-based property standards while 

minimizing the toxicity associated with processing and the end products. 

BiMg2/3Nb1/3O3-based thin films show promising energy storage properties due to the 

disruption of the long-range ferroelectric order. The relaxor-like behavior results in 

slimmer polarization vs. electric field hysteresis loops (PE loops) compared to 

ferroelectrics and leading to a significant reduction in energy losses while maintaining 

a high permittivity. The use of thin film technology, as opposed to bulk ceramics, is a 

crucial step in the miniaturization of devices. In addition, this technique increases 

energy density and breakdown fields by improving microstructure and promoting 

texture. 

In this thesis, thin films based on (1-x)Bi(Mg2/3Nb1/3)O3–xBi0.5Na0.5TiO3 (BMN-BNT, 

x = 0.85) and (1-x)Bi(Mg2/3Nb1/3)O3–xNaNbO3 (BMN-NN, x = 0.78) systems were 

produced by chemical solution deposition (CSD) on Pt/TiO2/SiO2/Si substrates. All 

films have been successfully synthesized and the influence of different heating rates 

and crystallization temperatures on the microstructure and electrical properties have 

been investigated and characterized. Characterization analysis was carried out using 

Raman spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) 

and Energy-Dispersive X-ray (EDX) analysis. Electrical measurements (PE loops) 

were conducted to evaluate the energy storage properties and to gain insights into the 

temperature-dependent response and cyclic fatigue behavior of the various films. Both 

thin film systems show a phase pure and highly crystalline perovskite structure in both 

XRD and Raman spectroscopy. The BMN-BNT composition showed the most 

promising energy storage properties (Wrec ~ 20 J/cm3 and 69% efficiency), coupled 

with excellent thermal stability up to 140°C. However, superior cyclic fatigue stability, 

extending up to 106 unipolar cycles, and low leakage currents were observed for the 

BMN-NN system. In a broader context, it can be confirmed that varying process 

parameters significantly impact both the microstructure and the electrical properties of 

the two material systems. The complex interplay between structural characteristics and 

electrical behavior underscores the need of thorough exploration of processing 

conditions in achieving tailored material properties. 

Keywords: BMN, Thin films, Chemical Solution Deposition, Process parameters  



 

  

Kurzfassung 

Die Verbesserung der Energiespeichereigenschaften von bleifreien dielektrischen 

Kondensatoren ist ein wichtiger Aspekt in der heutigen Mikroelektronikindustrie. 

Dieses Ziel gewinnt zunehmend an Bedeutung in dem Bestreben, bleifreie Geräte zu 

entwickeln, die Normen für bleihaltige Eigenschaften einhalten und gleichzeitig die mit 

der Verarbeitung und den Endprodukten verbundene Toxizität minimieren. 

Dünnschichten auf Basis von BiMg2/3Nb1/3O3 zeigen vielversprechende 

Energiespeichereigenschaften aufgrund der Unterbrechung der langen Reichweite der 

ferroelektrischen Ordnung. Das relaxor-ähnliche Verhalten führt im Vergleich zu 

Ferroelektrika zu schlankeren Hystereseschleifen zwischen Polarisation und 

elektrischem Feld (PE-Schleifen) und damit zu geringeren Energieverlusten bei 

gleichzeitiger Beibehaltung einer hohen Permittivität. Die Verwendung von 

Dünnschichttechnologie an Stelle von Bulk-Keramik ist entscheidend für die 

Geräteminiaturisierung und steigert die Energiedichte, sowie die Durchbruchsfelder 

durch verbesserte Mikrostruktur und Texturförderung. 

In dieser Arbeit wurden Dünnschichten basierend auf (1-x)Bi(Mg2/3Nb1/3)O3–

xBi0.5Na0.5TiO3 (BMN-BNT, x = 0.85) und (1-x)Bi(Mg2/3Nb1/3)O3–xNaNbO3 (BMN-NN, 

x = 0.78) mittels chemischer Lösungsabscheidung (CSD) auf Pt/TiO2/SiO2/Si-

Substraten hergestellt. Alle Filme wurden erfolgreich synthetisiert, der Einfluss 

verschiedener Heizraten und Kristallisationstemperaturen auf die Mikrostruktur und die 

elektrischen Eigenschaften wurde untersucht und charakterisiert. Die 

Charakterisierungsanalyse umfasste Ramanspektroskopie, Röntgenbeugung (XRD), 

Rasterelektronenmikroskopie (SEM) und energiedispersive Röntgenanalyse (EDX). 

Elektrische Messungen wurden durchgeführt, um die Energiespeichereigenschaften 

zu bewerten und Einblicke in das temperaturabhängige Verhalten sowie das zyklische 

Ermüdungsverhalten der verschiedenen Filme zu gewinnen. Beide 

Dünnschichtsysteme zeigen sowohl im XRD als auch in der Ramanspektroskopie eine 

phasenreine und hochkristalline Perowskitstruktur. Die BMN-BNT Zusammensetzung 

zeigte die vielversprechendsten Energiespeichereigenschaften (Wrec ~ 20 J/cm3, 69% 

Effizienz), sowie eine ausgezeichnete thermische Stabilität bis 140 °C. Das BMN-NN 

System zeigte eine bessere zyklische Ermüdungsstabilität, bis zu 106 unipolaren 

Zyklen, und niedrige Leckströme. Es kann nachgewiesen werden, dass die 

unterschiedlichen Prozessparameter sowohl die Mikrostruktur als auch die 

elektrischen Eigenschaften der beiden Materialsysteme erheblich beeinflussen. Das 

komplexe Zusammenspiel zwischen strukturellen Merkmalen und elektrischem 

Verhalten unterstreicht eine notwendige gründliche Untersuchung der 

Verarbeitungsbedingungen, um maßgeschneiderte Materialeigenschaften zu erzielen. 
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1 Introduction 

The growing world population and the increasing networking of electronic devices are 

leading to higher energy consumption, which requires new autonomous electrical 

energy storage systems (EESS) to compensate for the discontinuity of renewable 

energy sources. Efficient EESS tailored to specific applications can be divided into four 

main classes: (1) solid oxide fuel cells, (2) conventional batteries (Li-ion), (3) 

electrochemical capacitors and (4) dielectric capacitors. Two important parameters, 

the energy density and the power density, determine the suitability of the EESS classes 

for certain applications. In the scope of this thesis, the focus is on dielectric capacitors 

with a particular emphasis on ferroelectric and relaxor-like materials. These materials 

exhibit a broad spectrum of applications, ranging from capacitors to non-linear optical 

devices. Employing ferroelectric thin films is particularly advantageous due to the 

prospect of tailoring their properties through precise control of the films' 

crystallographic texture. Chemical solution deposition (CSD) offers a straightforward 

and environmentally friendly route for fabricating oxide films and also a rapid screening 

of the properties. Nonetheless, a comprehensive understanding of the intricate 

processes of decomposition and crystallization is imperative to systematically engineer 

and understand the film's properties. [1]  

Despite the lower energy density, dielectric capacitors offer advantages such as high-

power density, higher operating voltages, lower costs, size flexibility, thermal and cyclic 

stability and adjustable leakage currents, which makes them interesting for many 

applications. Achieving high energy density in dielectric capacitors while maintaining 

high power density opens up new possibilities for versatility, cost efficiency and 

miniaturization. [1, 2] It should be noted that the properties of thin films differ from those 

of the bulk materials, leading to complexities that must be considered in the search for 

an improved capacitor performance. The differences could occur due to size effects 

that lead to changes in the microstructure and the interaction between substrate and 

film, especially in the case of growth phenomena at the bottom electrode. Also, the 

thermal expansion mismatch influences the nucleation, texture and final properties, 

making the growth of ferroelectric thin films more complex. 

To select a suitable material system for capacitor applications, the decision was made 

not to use the well-known ferroelectric lead-based materials. The European Union has 

established the Restriction of the Use of Certain Hazardous Substances (RoHS), 

prohibiting the introduction of electrical and electronic equipment containing more than 

0.1 weight percent of lead – if replaceable – as lead is not only toxic and 

environmentally damaging but it also produces volatile Pb-gases during processing, 

which poses risks to production personnel. [3] Furthermore, the decision aligns with 

addressing recycling challenges and environmental concerns during the end-of-life 
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stages. Considering these factors, an alternative material system was deemed 

necessary to address both performance requirements and environmental concerns in 

capacitor applications. 

The reason for researching BiMg2/3Nb1/3O3 lies in the observed similarities with 

PbMg1/3Nb2/3O3. From the chemical perspective, lead and bismuth share similarities in 

the perovskite structures, both characterized by the lone pair effect, resulting in high 

polarizations. However, the introduction of heterovalent substitution results in a 

different behavior that requires further investigation. Understanding the unique 

behavior resulting from this substitution is crucial for discovering the full potential and 

special properties of BiMg2/3Nb1/3O3 and opens the way for its effective application and 

integration into various material systems. 

Bismuth proves to be a promising alternative to Pb. To overcome this challenge, the 

exploration of combinations with other materials could present a feasible solution. A 

widely used system is the lead-based PbMg1/3Nb2/3O3-PbTiO3, where B-site 

substitution with Ti takes place. However, in lead-free alternatives for this system Bi3+ 

is used instead of Pb2+. Therefore, A-site substitution is needed to keep charge 

neutrality in the perovskite unit cell instead of just adapting the B-site. Furthermore, the 

fraction of the B-site ions is contrary in the lead-free to the lead-based because of the 

same reason. In this work both, A- and B-site substitutions, are done. Additionally, 

NaNbO3 (NN) was introduced to the BiMg2/3Nb1/3O3-system (BMN), due to its 

recognized advantageous fatigue behavior properties. [4] 

This work includes process adaptations and variations for the two material systems, 

BMN-BNT as well as BMN-NN, in order to determine ideal conditions and find the 

optimal electrical and structural properties for the binary system, which serve as a 

central starting point for further research. 
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2 Theoretical background 

This section covers the theory behind the material systems, the device architecture, 

the fabrication procedure as well as the applied characterization techniques. 

 

2.1 Ferroelectricity 

Dielectrics are electrical insulators that exhibit a responsive displacement of bound 

charges, encompassing ions or electrons, under the influence of an externally applied 

electric field. This charge displacement induces dipole moments, thereby causing 

polarization to appear within the material. Within the classification of dielectric 

materials, a subset known as piezoelectric materials manifests a distinct behavior. In 

piezoelectrics, the application of an electric field results in mechanical strain within the 

material. Conversely, an externally applied mechanical stress leads to the generation 

of electric polarization within the material. [5] The properties of materials, be it a crystal, 

a thin film, or polycrystalline structure, are influenced by their symmetry. Crystals are 

categorized into 7 crystal systems (triclinic, monoclinic, orthorhombic, tetragonal, 

rhombohedral, hexagonal, and cubic) with a total of 32 crystal classes. [2, 6] It's 

important to note that piezoelectric materials have a special crystal structure without a 

central symmetry point. This limits how they can arrange their crystals to only 20 

specific groups that lack a particular type of symmetry called inversion symmetry. [5] 

These 20 point groups are often referred to as piezoelectric point groups, where the 

coupling of mechanical stress and electrical energy creates piezoelectricity in the 

material. [2, 6] In conclusion, material symmetry significantly dictates their properties. 

Pyroelectrics are a subgroup of piezoelectrics, which exhibit internal strain due to 

spontaneous electrical polarization within the crystal. This leads to reversible structural 

changes of lower symmetry upon heating. These crystals possess a distinct net 

polarization within their basic unit cell. Only 10 point groups can host net polarization, 

in accordance with Neumann's principle dictating the alignment of macroscopic 

properties with the crystal's symmetry. [5]  

Ferroelectrics (FE) are a type of pyroelectric materials, which display superior 

pyroelectric and piezoelectric characteristics when compared to non-ferroelectric 

materials. (Overview see Figure 1) This material class can reversibly switch between 

polarization states under an applied electric field, enabling alignment of neighboring 

(ferroelectric) domains. [2, 5]  
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Figure 1: Overview of the dielectric material classes. 

The behavior of the domains under the application of an external electric field is 

illustrated in Figure 2. Ferroelectric domains, are like distinct neighborhoods, where 

the polarization´s strength and the direction stay consistent. These domains are 

divided by barriers called domain walls, which prevent from a free domain movement. 

The walls can be imagined as lines at specific angles dictated by crystal symmetry 

(e.g. 71° or 109° in a rhombohedral crystal, 90° or 180° in a tetragonal one). Above the 

Curie Temperature (TC) a paraelectric behavior is shown. The transition from randomly 

oriented domains to an ordered ferroelectric structure occurs at TC. This self-

organization takes place to arrange itself in order to minimize the energy level. [2, 7, 

8] In the zero-field scenario (Figure 2a), neighboring domain dipole moments are 

randomly oriented, resulting in a null net polarization due to their canceling effects on 

a macroscopic scale. In contrast, at the microscopic scale, polarization is present. 

When an electric field is applied (Figure 2b) polarization at the macroscopic scale 

occurs.  

 

Figure 2: Domain switching behavior of a ferroelectric a) without applied electric field 
and b) under application of an external electric field. 

Experimental confirmation of the ferroelectric effect relies on the capacity to produce a 

hysteresis loop, illustrating the correlation between polarization and electric field 
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cycles. [9] A typical polarization hysteresis loop for ferroelectrics is shown in black (FE) 

in Figure 3.  

 

Figure 3: Hysteresis loop for ferroelectrics and relaxors. 

When a positive electric field surpasses a certain strength known as the coercive field 

(Ec), the dipole moments align, resulting in a persistent remnant polarization (Pr) even 

after the field is withdrawn. Conversely, when a negative electric field is applied, the 

dipole moments switch direction, necessitating a negative coercive field (-Ec) for the 

elimination of net polarization. Upon applying a stronger electric field, the dipole 

moments complete their switching, leading to the reappearance of net polarization in 

the ferroelectric material. While aligning the polarization with the applied electric field 

in the ferroelectric, energy can be stored. Since the appearance of a hysteresis is 

indicative for a non-linear phenomenon, the standard equation for calculating the 

stored electric energy that can be recovered from a capacitor (eq. 1) is not valid 

anymore and changes to eq. 2 [10]: 

𝑊𝑡𝑜𝑡𝑎𝑙 =
1

2
𝜀0𝜀𝑟𝐸2 eq. 1 

𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟

 eq. 2 

The region of the Polarization-Electric field (PE) diagram (Figure 3) that is shaded in 

dark blue represents the energy density that can be regained (W rec). This recoverable 

energy density (Wrec) can be quantified mathematically as the integral of the applied 



 

 6 

electric field (E) over the measured polarization (P). This integration occurs within the 

span between the remnant polarization (Pr) and the maximum polarization (Pmax). [1,7] 

Due to the relatively high remnant polarization of ferroelectrics, the energy within the 

light blue shaded region (Wloss) is very large and the recoverable energy density is 

small. This loss energy is mainly dissipated into heat by elastic energy dissipation 

through ferroelectric domain switching. [7] 

For energy storage applications, the energy storage efficiency (η) is critical and can be 

computed from the recoverable energy density and the loss energy density using the 

following formula: 

η =
𝑊𝑟𝑒𝑐

𝑊𝑟𝑒𝑐 + 𝑊𝑙𝑜𝑠𝑠
 eq. 3 

FE exhibit higher permittivity but also higher losses attributed to the hysteretic PE loop, 

as compared to relaxors (RE). The reduced remnant polarization (Pr) of RE materials, 

in comparison to ferroelectrics, renders RE materials more suitable for energy storage. 

[1] This is attributed to their high recoverable energy density resulting from their slim 

PE loops. The relaxor behavior in ferroelectric perovskites is induced by chemical 

modifications, wherein the substituted cations contribute to the creation of both polar 

and nonpolar nanoregions. The presence of nonpolar nanoregions disrupts the long-

range ferroelectric order, resulting in slimmer loops and reduced hysteretic loss. This 

occurs because only regions exhibiting ferroelectricity respond to the applied electric 

field. [11] 

In recent years, ferroelectric materials have attracted significant interest owing to their 

distinctive properties, making them valuable for a variety of modern applications. There 

are various families of materials that exhibit ferroelectric properties having different 

structures and characteristics, such as single crystals, polymers as well as ceramics, 

especially thin films. [7] 

Thin film properties differ from bulk materials due to size-effects, resulting often in 

changes in microstructure, and additional effects from the substrate-film interaction. 

These effects are mainly the growth phenomena on the surface of the bottom 

electrode. Also, the strain induced by the bulk substrate in the cooling process of the 

deposition and the thermal expansion mismatch between the thin film and the 

substrate play a role. In addition, the nucleation and texture of the thin films are also 

influenced by the chemical nature, the lattice and microstructure of the substrate. 

Furthermore, the process tremendously impacts the final properties of the material. 

Hence, the growth of the ferroelectric materials in thin film form is very complex. [12] 
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The adoption of this theory influenced the choice to use already available base 

compositions from ongoing work, Bi0.5Na0.5TiO3 and NaNbO3, for further research, 

especially on the behavior of the structure as well as the electric properties. In this 

thesis it was planned to do several process adaptions and variations together with a 

second material system (BiMg2/3Nb1/3O3) to find the best process conditions for the 

binary system to provide a starting point for further in-depth research. 

 

2.2 Parallel plate capacitor 

In the context of this thesis, the ferroelectric thin films are used in the form of parallel-

plate capacitors to probe their electric properties. This section provides a short 

introduction to capacitors and their characteristics. 

A capacitor is defined as an electric component that can store electric energy in a 

produced electric field. It comprises two conductors – the electrodes - separated by a 

non-conductive region, which consists of a dielectric material as insulator. [13] Figure 

4 shows a typical parallel plate capacitor, which is connected to a voltage source. The 

positive and negative charges collect on opposite sides of the plates. Electrons move 

from the positive charge plate to the negative plate, creating a current in the circuit and 

storing energy in the capacitor. 

Capacitance C is defined as the capacity to store a charge q and is expressed by: 

𝐶 =
𝑞

𝑉
 eq. 4 

The symbol for voltage is represented by V, and the unit of capacitance is Farad (F). 

As already mentioned before and as it can be seen in Figure 4, the two plates of a 

parallel plate capacitor (I and II) are separated by a dielectric material with a certain 

thickness d. Consider the electric field and flux density between the plates, denoted as 

E and D. 

𝐸 =
𝑉

𝑑
   and  𝐷 =  

𝑞

𝐴
  with  𝐷 =  𝐸 ∗ 𝜀 eq. 5 

 

In this formula, A represents the area of the dielectric, and ε denotes the permittivity of 

the dielectric material. If you substitute the expression from above (𝐷 =  𝐸 ∗ 𝜀) into  

𝐷 =  
𝑞

𝐴
 , it yields: 

𝐸 =
𝑞

𝜀 ∗ 𝐴
 eq. 6 
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It follows: 

𝐶 =
𝑞

𝑉
=  

 𝜀 ∗ 𝐴

𝑑
 eq. 7 

This results in:  

𝐶 =
 𝜀0 ∗ 𝜀𝑟 ∗ 𝐴

𝑑
 eq. 8 

 

ε0 describes the permittivity of vacuum (8.854*10-12 F/m) and εr is known as the relative 

permittivity of the dielectric material.  

 

Figure 4: Circuit diagram of a parallel plate capacitor. 

In the field of energy storage, there is a need for a combination of high power and high 

energy density. Ferroelectric materials, especially polycrystalline ceramics, are 

promising candidates for various applications, including capacitors with high 

permittivity. [14] A notable example of their application can be found in power electronic 

inverters, where a variety of high power and energy density buffer devices, known as 

DC-link capacitors, play a crucial role in compensating for switching current 

fluctuations. [4] 

For all the applications of ferroelectric materials the electric energy of a non-linear 

capacitor, as explained in the previous chapter, should be considered. 
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2.3 Chemical solution deposition 

Chemical solution deposition (CSD) is a promising alternative to chemical vapor 

deposition (CVD) and physical vapor deposition (PVD), offering cost-effective and 

quickly synthesized stoichiometric materials. CSD is particularly valuable in research 

and development, facilitating efficient exploration of diverse dielectric compositions 

and properties for material screening. This rapid screening helps to identify optimal 

dielectric candidates for specific applications, improves the understanding of dielectric 

properties and enhances the performance of electronic devices. While CSD shows 

clear advantages in research, its potential for an industrial upscaling is still being 

explored. In contrast to the dominance of depositing dielectrics with CVD and PVD  in 

large-scale industrial processes, the cost-effectiveness and rapid synthesis 

capabilities of CSD make it an attractive and interesting option for upscaling efforts, 

although there is still relatively limited exploration in the industrial context. [15] The 

most common chemical solution deposition techniques include the sol-gel route, 

electrodeposition, etc. The process for fabricating thin films through this approach 

involves the following steps: [16] 

• Synthesis of the precursor solution by a chemical route.  

• Deposition and application of the final solution by spin-coating or dip coating.  

• Low-temperature heat treatment for the drying and pyrolysis of organic species. 

• Thermal annealing at higher temperatures to facilitate densification and crystallization 

of the films into the desired oxide phase. [16] 

CSD presents numerous advantages in comparison to conventional physical 

deposition methods like molecular beam epitaxy (MBE), atomic layer deposition (ALD), 

and pulsed laser deposition (PLD). All these physical deposition techniques demand 

highly specific conditions and are conducted under controlled atmospheres to achieve 

high-quality thin films. Films produced through CSD are typically chemically 

homogeneous, given that precursor solutions facilitate the effective mixing of diverse 

cations. This chemical homogeneity stands as a highly appealing feature of CSD. 

Furthermore, it is scalable, cost- and time-efficient, and versatile in terms of the 

precursor components and solvents that can be employed. [16, 17] A possible 

drawback of CSD with respect to MBE, ALD and PLD is the difficulty of obtaining 

epitaxial films, although recent studies demonstrated also epitaxial growth of 

perovskite films with CSD. [18] 

Additionally, using this method allows for precise control over the microstructure of the 

deposited films, including factors such as pore size, pore volume, and surface area. 

[19] The ease of tailoring of a wide array of processing parameters also enables 
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precise control over the nucleation and growth process making this method highly 

adaptable for synthesis. [15, 16] 

The CSD deposition route is illustrated in Figure 5.  

 

Figure 5: Simplified scheme of Chemical Solution Deposition (CSD) Route with spin 
coating deposition. 

Subsequently a more detailed explanation of the single steps: the first step of the CSD 

method is preparing a stable precursor solution. A sol is a colloidal suspension 

characterized by solid particles dispersed in a liquid medium. [16] The hydrolysis of the 

precursor molecules (typically, metal alkoxides) and the condensation between 

reactive species that occur during this process are the fundamental reactions of the 

sol-gel process. The processes involved and the properties of the precursor molecules 

significantly influence the resulting material properties. During hydrolysis, the metal 

alkoxides react with water, which leads to the elimination of alcohol molecules and the 

formation of MOH groups: [15] 

𝑀(𝑂𝑅)𝑛 +  𝐻2𝑂 →  𝑀(𝑂𝑅)𝑛−1𝑂𝐻 + 𝑅𝑂𝐻 eq. 9 

This formula illustrates the partial breakdown of a metal alkoxide with water. 

Comparable reactions can be formulated for metal carboxylates, but this group 

displays significantly greater resistance to hydrolysis. In practice, precursor molecules 

that have undergone partial hydrolysis and contain MOH groups can undergo 

condensation by eliminating water: 

(𝑅𝑂)𝑚𝑀 − 𝑂𝐻 + 𝐻𝑂 − 𝑀(𝑂𝑅)𝑚 →  (𝑅𝑂)𝑚𝑀 − 𝑂 − 𝑀(𝑂𝑅)𝑚 + 𝐻2𝑂 eq. 10 

The dimer evolves into trimers, tetramers, and other oligomers through an inorganic 

polycondensation reaction, ultimately forming particles. Depending on the solvent, a 

distinction is made between alcoholic sols and hydrosols. Hydrolysis and condensation 

represent dynamic reactions involving multiple interconnected equilibria, influenced by 

catalysts like acids or bases. Sol particles may contain significant amounts of 

unhydrolyzed alcoholate, carboxylate, or diketonate groups. Progressive particle 
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growth and the aggregation of sol particles into secondary particles lead to increased 

viscosity. Such "aging" of coating sols can adversely affect industrial production. [15] 

When a network of sol particles forms between the walls of the reaction vessel, gelation 

occurs, i.e. the originally viscous sol is transformed into a viscoelastic solid. The gel 

consists of the gel mesh and the solvent that surrounds it, with all pores connected to 

each other in an "interpenetrating network". The exact determination of the gelation 

time is a challenge, as it is also influenced by the vessel size and rheological 

measurements can significantly affect the development of the network. [15, 20] 

Commonly, solvents such as 2-methoxyethanol, methanol, and modifying ligands like 

acetic acid and acetylacetone find use in the process. [15, 20] Synthesis relying on 2-

methoxyethanol is extensively documented due to its notable stability in precursor 

solutions. This stability minimizes the influence of aging, thus ensuring superior control 

and reproducibility. This solution is derived from metallo-organic compounds dissolved 

in suitable solvents, and furthermore blended in a stoichiometric ratio to achieve the 

intended composition of the final oxide film. [15] 

In the subsequent stage, the sol is deposited onto a substrate using various coating 

procedures. The most widely used methods for this purpose include spin coating, spray 

coating, and dip coating. [15, 20] In the spin coating process, a small quantity of the 

solution is dispensed onto the substrate using a syringe. The substrate undergoes 

high-speed rotation to achieve a uniform film with consistent thickness (Figure 5). 

Vacuum suction on the back secures the substrate in place. The concentration and 

viscosity of the precursor solution, along with processing parameters like rotation 

speed and duration, play crucial roles in determining the thickness and quality of the 

resulting oxide film. [16, 17] 

Following deposition, the film undergoes a sequence of treatments involving drying, 

pyrolysis, and crystallization. Drying is generally executed on a hot plate, while 

pyrolysis and annealing on a conventional rapid thermal annealing (RTA) furnace, 

depending on the desired thermal processing route. [16, 17] 

The film thickness can be enhanced by iteratively applying of the deposition and 

thermal processing sequence. [21] A final thermal treatment of the film at a higher 

temperature may be necessary to enhance crystallinity, refine the microstructure, or 

facilitate densification. [16, 17] Typically, a two-step or a one-step process is employed. 

In the one-step process, both organic removal and crystallization take place in a single 

processing step conducted at temperatures sufficiently high to induce oxide 

crystallization (> 600°C). In the two-step process, the elimination of the majority of 

organic constituents occurs in a distinct processing step at lower temperatures, around 

200°C – 400°C, before the high-temperature crystallization.  
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In the CSD process, the crystallization of the films typically undergoes a nucleation and 

growth mechanism. Nucleation, the initial phase of crystallization, can occur either 

homogeneously (Figure 6a) or heterogeneously (Figure 6b) at the substrate interface. 

This choice significantly shapes the ultimate microstructure and properties of the metal 

oxide film. [15, 20] In homogeneous nucleation, grains initiate growth from the inner 

part of the film and eventually, after time- and temperature-dependent processes, form 

a granular structure (Figure 6c), where the grains can also merge into larger grains. 

When heterogeneous nucleation occurs at an interface, it often results in the 

development of a uniform and columnar microstructure (Figure 6d). This specific 

nucleation pattern can be advantageous for the film's properties, particularly if the 

lattices of the substrate and the film are compatible, leading to a preferential 

crystallographic orientation (texture). However, it must be mentioned that during real 

heating over a definite time interval, different phases of the material can nucleate and 

change or intermix the ongoing nucleation mode. Therefore, the heating program in 

CSD is an important factor and the heating rates need to be in the °C/s range – 

compared to °C/min in conventional sintering – to minimize the time frame of unknown 

behavior and favorize the wanted high-temperature perovskite phase. [15] 

 

Figure 6: Schematic growth mode of a sol-gel thin film over time and temperature: 
a) homogenous, b) heterogenous, c) granular and d) columnar. 

In Figure 7 the relationship between nucleation and growth concerning temperature is 

shown. As observed, nucleation initiates at lower temperatures, whereas growth 

begins at higher temperatures. Therefore, a general trend at higher temperatures 

would entail the presence of larger grains or increased grain sizes. Typically applied 

crystallization temperatures (Tcryst.) for CSD thin films are below 850°C compared to 

bulk materials. However, these temperatures are far below the melting temperature Tm 
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of bulk ceramics, which are typically around 1500°C. Therefore, the CSD process is 

primarily nucleation-driven. Growth can mainly be achieved by expanding the holding 

time but also can lead to volatilization of certain compounds, for example alkaline 

metals, and deteriorate the stoichiometry. At higher temperatures the substrates need 

to be tailored to the material to prevent interdiffusion, formation of intermetallic phases 

and delamination of the different layers because of lattice mismatch and resulting 

stress. Although there is already ongoing research on optimizing substrates for CSD 

thin films, it is not beneficial to change the substrates according to the film as this limits 

tremendously its applicability in standard semiconductor processing. [22, 23]  

 

Figure 7: Nucleation and growth rate over temperature. [24] 

In general, it can be said that the influence of the heating rate (HR) on the 

microstructure is relatively small compared to the temperature. This observation is 

attributed to the presence of a non-equilibrium phase and the specific characteristics 

of a process driven by a diffusion barrier. Also, the nucleation process is significantly 

influenced by decomposition reactions and the conditions during annealing. 

Understanding and controlling these factors are essential for tailoring the 

microstructure and properties of metal oxide films produced through the CSD method. 

Hence, the optimal CSD procedure and thermal processing strategy depend on the 

specific metal oxide under consideration, as well as the chemistry of the precursors 

and solvents involved. [15] 

The thermodynamic driving force for the crystallization process, which is defined by 

the difference in free energy (∆Gv) between the amorphous and crystalline phases, is 

a significant factor that influences the overall nucleation and growth dynamics. This 
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driving force serves as a critical catalyst for triggering nucleation processes and forms 

the basis for the subsequent growth process. Ultimately, the interplay of these 

thermodynamic factors significantly shapes the microstructure of the resulting 

crystalline film and determines the unique characteristics and properties of the 

material. [15] 

In Figure 8, the behavior of the free energy is illustrated. The green curve represents 

the total free energy ΔG plotted against the radius of a particle (assuming constant 

pressure). The total free energy combines two terms: the first, depicted in red, is a bulk 

term that scales with volume and is consistently negative. The second term, shown in 

blue, is an interfacial term and constitutes the barrier's origin. It is always positive and 

scales with surface area. The graph displays the free energy barrier, ΔG*, and the 

associated critical radius, r*. This critical radius sets the particle radius at which the 

derivative of ΔG equals zero and marks the point at which the influence of the volume 

free energy ΔGv starts to overcome the influence of the surface free energy ΔGs on the 

free energy ΔG. If a particle has a radius below the critical radius it cannot survive in 

solution without being re-dissolved. Above r* a nucleated particle can survive and grow 

because it is thermodynamically favored. [25]  

 

Figure 8: Free energy as a function of the radius. [26] 
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2.4 Characterization methods 

The different characterization techniques used are briefly discussed in the following 

subsections. 

 

2.4.1 Raman spectroscopy  

Raman spectroscopy is a spectroscopic technique employed for the determination of 

vibrational modes in molecules. While it primarily focuses on vibrational modes, it can 

also capture rotational and other low-frequency modes within a system. Raman 

spectroscopy is based on the principle of inelastic scattering of photons, a 

phenomenon known as Raman scattering. It involves the use of monochromatic light, 

often emitted by a laser in the visible, near-infrared, or near-ultraviolet range. The laser 

light interacts with molecular vibrations, the phonons, or other excitations within the 

system, causing a shift in the energy of the laser photons. This energy shift provides 

valuable information about the vibrational modes present in the system. [27] In normal 

Stokes-Raman scattering, molecules gain vibrational energy as incident photons from 

a visible laser shift to lower energy. During Raman spectroscopy, a laser beam 

illuminates the sample, and the electromagnetic radiation emitted from the illuminated 

spot is collected using a lens. This collected light is then directed through a 

monochromator. Elastic scattered radiation at the laser line's wavelength, which is 

known as the Rayleigh scattering, is filtered out using a notch filter or edge pass filter. 

The remaining light is dispersed onto a detector for analysis. [28] 

 

Figure 9: Raman scattering. [29] 
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In Figure 9 the different possibilities of light scattering are displayed. Light scattering 

occurs in different ways, with each type of scattering revealing different interactions 

between photons and matter. Rayleigh scattering, where no energy exchange 

happens, occurs when incident and scattered photons have the same energy level. In 

Stokes-Raman scattering, atoms or molecules absorb energy, resulting in the 

scattered photon having less energy than the incident photon. In Anti-Stokes Raman 

scattering, on the other hand, the atoms or molecules lose energy, so that the scattered 

photon has more energy than the incident photon. These different scattering 

phenomena provide valuable insights into the dynamic interplay between light and 

matter. [30, 31] It should also be noted that the x-axis of a Raman spectra represents 

a Raman shift and not the actual wavelength. This ensures comparability, even when 

different lasers are used. 

 

2.4.2 Scanning electron microscopy 

A scanning electron microscope (SEM) utilizes a focused electron beam to scan a 

sample's surface, generating signals that reveal information about the sample's 

topography and composition. The electron beam, scanned in a raster pattern, interacts 

with atoms in the sample, and the emitted electrons or photons are detected to produce 

an image based on different contrast mechanisms. SEMs can achieve resolutions 

lower than 1 nm. Specimens are observed in high vacuum or under various 

environmental conditions, such as low vacuum or wet settings, and at different 

temperatures. [32] A SEM generates signals for imaging through electron beam 

interactions with atoms at different depths in the sample. These signals include 

secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, 

cathodoluminescence (CL), absorbed current, and transmitted electrons. The most 

common detectors in SEMs are the secondary electron detectors. [32] As secondary 

electrons are emitted from atoms in the analyzed material, they expend a portion of 

the excitation energy as the work function for their release. Consequently, these 

secondary electrons carry relatively low kinetic energy, and only electrons from the top 

few nanometers can travel to the detector from the sample. [32] This can be also seen 

in Figure 10. Since these electrons have low energy they only carry morphological 

information. Contrary to that BSE, which have higher energy are elastically scattered 

at the nucleus and therefore larger nuclei deflect the incident electrons more than 

lighter ones, leading to a contrast mechanism based on the atom number.  

SEM often allows the recording of X-ray emission spectra using an energy-dispersive 

spectrometer (EDX). EDX is an analytical technique for elemental analysis, relying on 

X-ray emission and the unique atomic structure of each element, which produces 

distinct peaks in the emission spectrum. EDX is employed to identify the chemical 
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elements present in a sample and estimate their relative abundance. Additionally, it 

aids in measuring the thickness of multi-layer coatings on metallic surfaces and 

analyzing different alloys. [33] Typically, X-rays from the top 2 µm of a material can 

reach the detector. Both individual spectra from selected sample points and EDX 

images of entire areas can be captured, representing the distributions of chemical 

elements (see Figure 10). 

 

Figure 10: Working and detecting principle of a SEM. [34] 

 

2.4.3 X-ray diffraction 

X-ray diffraction (XRD) is an experimental scientific method used to determine the 

atomic and molecular structure of a crystal. In this technique, the crystalline structure 

causes an incident X-ray beam to diffract into specific directions. By measuring the 

angles and intensities of these diffracted beams, a crystallographer can generate a 

three-dimensional representation of the electron density within the crystal. This 

electron density information allows the determination of atomic positions, chemical 

bonds, crystallographic disorder, as well as various other details about the crystal. [35] 

Diffractometers are versatile and operate in both transmission and reflection mode, 

with reflection mode being the most widely used. In the Bragg-Brentano θ-2θ 

configuration, a sample is placed in a sample holder and tilted by an angle θ around 

an axis as it can be seen in Figure 11 a). At the same time, a detector rotates around 

the sample at an angle twice as large (2θ). This configuration is contrasted with the  

GIXRD configuration, where the detector doesn´t rotate in comparison to the sample, 

and the incidence beam is kept at a fixed value. [35, 36] The main reason for using 
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GIXRD in the frame of this study was to minimize the collection of excessive 

information coming from the substrate, avoiding collection of the signal from the whole 

volume. 

 

Figure 11: Scheme of (a) Bragg-Brentano (θ - 2θ) and (b) GIXRD geometry. [37] 

Thin films serve as excellent model systems for studying electroceramic materials. 

With well-defined geometries and microstructures that can be customized through 

fabrication or post-treatment conditions, thin films offer an essential approach to 

exploring interfacial, microstructural, or confinement effects in oxides. Additionally, 

more intricate thin film structures, including multilayers, nanocomposite films, layers 

with graded compositions, and ultimately superlattices, can be engineered. [38] 

Thin films exhibit notable differences in physical and chemical properties compared to 

their bulk ceramic counterparts. These distinctions, influenced by growth conditions 

during fabrication, encompass factors like thickness, surface roughness, grain sizes, 

texture orientations, crystallinity, strains/stresses, and compositional variations. These 

differences are often linked to the growth conditions during fabrication and have a 

substantial impact on functional properties. Thus, understanding the structure is crucial 

for tailoring growth conditions and engineering the functional properties, establishing a 

growth-structure-function relationship within film engineering which can be done by in 

depth XRD analysis. [38] 

 

2.4.4 Electric characterization 

Evaluating the performance of ferroelectric materials under the conditions relevant to 

the intended applications is becoming more and more important. [39] Firstly, a number 

of factors need to be considered. In addition to the current magnitude, understanding 

the bandwidth of the current is crucial for the choice of recording method. The 

frequency spectrum of the current defines the bandwidth requirements for the 
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recording amplifier and influences the choice of amplifier. Noise and ground bouncing 

play an important role in estimating the signal-to-noise ratio (SNR) and have an overall 

impact on the accuracy of the evaluation of the electrical properties of a piezoelectric 

or ferroelectric capacitor. There are established methods for recording the charge and 

current response of the sample. 

The electric properties could be measured by using the classic Sawyer-Tower circuit. 

The Sawyer Tower measuring circuit uses a charge measurement method with a 

reference capacitor in series with the ferroelectric capacitor. To account for the reverse 

voltage effect, the reference capacitor must be much larger than the measured 

capacitor. The reference capacitor must be reset for each sample and the method is 

limited by cable reflections at high speeds. Parasitic effects, such as cable 

capacitance, can affect measurements, especially with small capacitors, and obtaining 

accurate reference capacitors is a challenge due to tolerance issues. [40, 41]   

 

Figure 12: Principle of the Virtual Ground feedback method. [41] 

An alternative option involves measuring with the virtual ground method. In this method 

a current-voltage converter with an operational amplifier and a feedback resistor is 

used for the current measurement (see Figure 12). The output of the converter is 

connected to the inverting input of the operational amplifier via a feedback resistor, 

while the non-inverting input is earthed. This effectively grounds the inverting input, 

which is advantageous for measuring small capacitors and attenuating cable 

capacitance effects. The method ensures that the sample is continuously exposed to 

the full excitation voltage without reverse voltage. For high-speed measurements, 

however, potential reflections and the characteristics of the operational amplifier must 

be considered. Overall, the virtual ground method offers high precision for ferroelectric 

measurements. 
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3 Preparation of the samples 

This section provides a detailed overview of the entire preparation process for the 

BMN-based thin film samples. 

 

3.1 Sol-gel route 

The precursor solution preparation was carried out within a Glovebox (GB1200-E, 

SylaTech GmbH, Walzbachtal, Germany). At the beginning a solution for the first single 

system BiMg2/3Nb1/3O3 was prepared. Initially, a series of trials have been required to 

generate a stable precursor solution of BiMg2/3Nb1/3O3.  

For the synthesis of the final BiMg2/3Nb1/3O3 solution, two sub-solutions (A) and (B) with 

different solvents are prepared. Sub-solution (A) is based on acidic acid to facilitate 

dissolving the acetate precursors. For this solution (A) and aiming for a final 

concentration of c = 0.3 mol/l, 2.3869 g of Bismuth(III)acetate (C6H9BiO6, 99%, Fisher 

Scientific, Sweden), with an excess of 2%, was dissolved in 9 ml of acetic acid (AcOH) 

(C2H4O2, 100%, Carl Roth, Germany) in a beaker. Then, 0.9007g of Magnesium 

acetate tetrahydrate (Mg(CH3COO)2)*4 H2O, 98%, Carl Roth, Germany) calculated 

with an excess of 5%, as well as 0.0149g Manganese acetate (Mn(CH3COO)2 * 4 H2O, 

99%, Sigma Aldrich, USA) was added. The solution (A) was stirred for 1h at 80°C, also 

a few drops of ammonia (NH3, 28-30%, Merck, Germany) have been additionally 

added, to adjust the pH and to get a clear and stable solution. 0.6304g of Niobium-

ethoxide (99.95%, Sigma Aldrich, USA) was dissolved in 0.4005 g of Acetylacetone 

(AcAc) (C5H8O2, 99%, Sigma Aldrich, USA) in a second flask to produce a solution (B), 

based on the solvent 2-Methoxyethanol (MOE). The solution was left for stirring 5 min 

at room temperature, after that 5 ml of 2-Methoxyethanol (C3H8O2 99%, Carl Roth, 

Germany) was added and again it was left for stirring at room temperature for an hour. 

Once both precursor solutions, (A) and (B), were homogenous, the solution (A) was 

added to the solution (B) and 1 ml of MOE was used to rinse the flask as well as to 

reach the correct stoichiometry. The mixed solution was again left for stirring for 2 

hours at room temperature. In the end the solution was transferred into a graduated 

cylinder and AcOH:MOE in a ratio of 3:2 was added to achieve the correct 

stoichiometry and volume. 

For the preparation of the final solutions BiMg2/3Nb1/3O3-Bi0.5Na0.5TiO3, as well as 

BiMg2/3Nb1/3O3-NaNbO3, the procedure was based on the processing of the BMN 

solution with some adaptations. It must be noted that all the materials have a B-site 

substitution of 1 mol% Mn to reduce leakage currents, and this will not be mentioned 
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separately anymore throughout the thesis. [42, 43] The preparation route for all the 

produced BMN-based precursor solutions is displayed in Figure 13. 

First the detailed description of the solution production of 0.15Bi(Mg2/3Nb1/3)O3- 

0.85(Bi0.5Na0.5)TiO3 (BMN-BNT): 

For the preparation of solution (A), a precise quantity of 1.3725 g of Bismuth(III)acetate 

(2% excess) was dissolved in 9 ml of AcOH for a concentration of c = 0.3 mol/l. This 

dissolution process aimed at ensuring the uniform dispersion of the Bismuth(III)acetate 

in the AcOH solvent. Following this, 0.1351 g of Magnesium acetate (5% excess), 

0.2324 g of Sodium acetate (99%, Carl Roth, Germany) (10% excess) and 0.0149 g 

of Manganese acetate were meticulously added to the solution. 

The ensuing mixture underwent a thorough stirring process for 1 hour at 80°C, during 

which the temperature was carefully controlled. To fine-tune the chemical environment 

and guarantee a clear and stable solution, an addition of a few drops of ammonia was 

made, serving the dual purpose of adjusting the pH and promoting solution clarity. 

In parallel, a separate flask was employed to prepare solution (B). In this process, 

0.0946 g of Niobium-ethoxide were meticulously dissolved in 0.0601 g of AcAc. 

Additionally, 1.4794g of Titanium isopropoxide (Ti(C12H28O4), 97%, Sigma Aldrich, 

USA) were dissolved in 1.0212 g of AcAc and added, in contrast to the first single 

BMN-solution, to the solution (B). Following an initial 5-minute stirring period at room 

temperature, 5 ml of MOE were introduced into the solution. The subsequent hour of 

stirring at room temperature allowed for the complete integration of the components. 

Upon achieving homogeneity in both precursor solutions, the judicious combination of 

solution (A) with solution (B) was executed. To ensure the preservation of 

stoichiometric ratios and uniformity, an additional step involved the use of 1 ml of MOE 

to rinse the flask and adjust the mixture. The solution underwent a further 2 hours of 

stirring at room temperature, promoting thorough mixing and chemical interaction. 

In the final step, the resulting solution was carefully transferred into a graduated 

cylinder. To achieve the desired stoichiometry and volume, an addition of a mixture of 

AcOH to MOE in precise ratio of 3:2 was performed. This intricate procedure aimed at 

ensuring the successful synthesis of the desired chemical solution with precision and 

reproducibility. For a better overview all the calculated masses for the used chemical 

components can be found and are summarized in Table 1. 
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Table 1: List of calculated masses for sol-gel-route of BMN-BNT 

Chemical component 
Mass 

 [g] 

n  

[mol] 

M 

 [g/mol] 

Bi-acetate 1.3725 0.58 386.112 

Na-acetate 0.2324 0.43 082.030 

Mg-acetate 0.1351 0.10 214.460 

Ti-isopropoxide 1.4794 0.84 284.220 

Nb-ethoxide 0.0946 0.05 318.209 

Mn-acetate tetrahydrate 0.0149 0.01 245.090 

Acetylacetone for Nb 0.0601 0.10 100.120 

Acetylacetone for Ti 1.0212 1.68 100.120 

 

For the material system 0.22Bi(Mg2/3Nb1/3)O3-0.78NaNbO3 (BMN-NN) the same 

procedure and manganese substitution as for BMN-BNT was used, just with some 

small deviations. 

The preparation of solution (A) was done the same way as for the system BMN-BNT, 

with the only modification that for this solution no addition of ammonia was needed, 

due to the small amount of Bismuth(III)acetate used. For the mixing of solution (B) 

Niobium-ethoxide was dissolved in a flask in AcAc. An overview of the used amounts 

of chemicals for this synthesis route to attain a concentration of c = 0.3 mol/l and a 

volume of V = 20 ml can be seen in the table below. (Table 2) 

 

Table 2: List of calculated masses for sol-gel-route of BMN-NN. 

Chemical component 
Mass 

 [g] 

n  

[mol] 

M 

 [g/mol] 

Bi-acetate 0.5251 0.22 386.112 

Na-acetate 0.4266 0.78 082.030 

Mg-acetate 0.1982 0.15 214.460 

Nb-ethoxide 1.6137 0.84 318.209 

Mn-acetate tetrahydrate 0.0149 0.01 245.090 

Acetylacetone 1.0252 1.69 100.120 
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Figure 13: Sol-gel route of BMN-based precursor solutions. 

 

3.2 Thin film preparation 

Thin films were produced on Pt/TiO2/SiO2/Si substrates with 1x1 cm2 size, sourced 

from SINTEF AS (Trondheim, Norway). The whole deposition process and thermal 

treatment ensued in ISO7 cleanroom environment (ISO5 for the spin-coating). A 

careful spin cleaning step with once spinning with DI-water and another three times 

spinning rounds with isopropanol, followed by 5 min drying at 200°C on the heating 

plate, was employed to ensure a clear surface. The substrates emerged with 

heightened wetting properties, thus improving subsequent depositions. 

Spin coating was carried out in ISO5 Laminar FlowBox (Kojar Tech Oy Blue Series 

Technologies, Mänttä-Vilppula, Finland) to reduce any contamination of the thin films. 

The precursor solutions of BMN-BNT and BMN-NN were applied onto the 1x1 cm2 

substrates using a syringe equipped with a 0.2 µm PTFE-filter to avoid solution 

contamination and large particles. Once the solution is on the substrate, during spin 

coating it should spread evenly and wet the surface of the substrate. Spin coating was 

performed with a Spin Coater Spin150i (SPS-Europe GmbH, Ingolstadt, Germany) at 

4000 rpm for a duration of 30 s, with an acceleration rate of 2000 rpm/s. 

In the earlier sections, it was mentioned that the heat treatment process is considered 

as a very important step in shaping the microstructure of the films and controlling the 

way the films crystallize. In the frame of this work, a three-step process has been 

utilized to accomplish the crystallization of the films. The whole process took place in 

a Rapid Thermal Annealer Oven (MILA 5050, ULVAC GmbH, Kirchheim bei München, 
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Germany). The drying process was conducted at a temperature of 200°C with a 

10 °C/s ramp in 100% oxygen for 2 minutes. The pyrolysis step was performed at a 

temperature of 450°C, and also with a 10 °C/s ramp in 100% oxygen. The pyrolysis 

process lasted 5 minutes for solvent evaporation and elimination of the organic 

species. The films were then crystallized in the furnace at 750°C, 700°C, 680°C and 

650 °C in 100% oxygen conditions. Different heating rates for the crystallization step 

were explored. For each annealing/crystallization temperature 1 °C/s, 10 °C/s and 

30 °C/s heating step ramps were applied. A uniform cooling rate (1 °C/s) was chosen 

to cool down the films from the different annealing temperatures back to room 

temperature. The effect of long and short heat rates on the microstructure of the films 

is discussed in the following chapters. The deposition as well as the annealing process 

were repeated 5 times, to reach a final thickness of approximately 200 nm for all the 

deposited films. The complete thin film deposition process is outlined in Figure 14. 

 

Figure 14: BMN-based thin film deposition route. 

 

3.3 Electrode deposition and capacitor structure 

Metal-insulator-metal (MIM) capacitor structures, specifically configured as 

Au/Cr/BMN-BNT/Pt, as well as Au/Cr/BMN-NN/Pt, were fabricated to allow electrical 

measurements of the thin films. The fabrication process involved the precise deposition 

of circular Au/Cr top electrodes onto the thin film surfaces. This deposition was 

accomplished using advanced e-beam-assisted evaporation technology (HEX Series 

TAU, Korvus Technology, United Kingdom). The deposition process was finely tuned 

and controlled with the aid of a shadow mask with a large radial electrode diameter of 

1 mm. This strategic design aimed to optimize the electrical characteristics and 
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performance of the capacitor structures, ensuring accuracy and reliability in 

subsequent electrical measurements. 

Before the entire electrode deposition process, a cleaning procedure was implemented 

for the samples to ensure optimal conditions. The initial step involves purging the 

samples with an N2-gun to effectively remove any dust or particles from the surface. 

Following this, a comprehensive cleaning is carried out using acetone, with the 

samples immersed in the solvent for approximately 5 minutes. Subsequently, a 

thorough rinse in isopropanol for an additional 5 minutes is performed to eliminate any 

remaining impurities. To conclude the cleaning process, the samples undergo a final 

drying stage using the N2-gun and a heating plate at 200°C, ensuring that they are 

completely free from contaminants and ready for the subsequent electrode deposition 

steps.  

The deposition process was conducted using the Korvus Technology's evaporator 

HEX Series Tau, employing an e-beam, at a pressure of ~5*10-6 mbar. First, 

chromium (Cr) as adhesion layer was evaporated at a deposition rate of 0.6 Å/s (P = 

75 W) to yield a thickness of 10 nm, followed by the evaporation of gold (Au) with a 

rate of 1.3 Å/s (P = 168 W) to deposit 200 nm Au. Using Au as top electrodes presents 

challenges due to its non-optimal adhesion to oxides. This drawback can result in the 

delamination of top electrodes, leading to the premature failure of the energy storage 

device. Conversely, Cr is known for its strong adhesion to oxide surfaces and thus was 

used as adhesion layer here. 

For measuring the parallel plate capacitor, a bottom electrode contact is essential. This 

contact was created by gently scratching one edge of the thin film sample and applying 

a small amount of silver paste. The subsequent step involved drying the sample on a 

heating plate at 200°C for a duration of 30 minutes. Since the films have nm thickness, 

a large aspect ratio of 5000 between electrode diameter and film thickness is achieved. 

Figure 15 displays an image of the produced parallel plate capacitor structure.  

 

Figure 15: Metal-insulator-Metal (MIM) capacitor structure. [4] 
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3.4 Characterization 

The thin films underwent crystallographic and phase analyses by Grazing Incidence X-

ray diffraction (GIXRD) method on Bruker D8 Advance (Karlsruhe, Germany) 

equipment using Cu-Kα radiation at 40 kV accelerating voltage and 25 mA current. The 

samples were measured in a continuous mode, with 2θ angle ranging from (10-70) °2θ, 

0.01° step and a scan rate of 2 °/min, and with an incidence angle of 0.80°.  

Structural insights were derived through Raman spectroscopy using a WITec 

alpha300R spectrometer (WITec GmbH, Germany) using a grating of 1800 gr/mm and 

a 100x EC Epiplan-Neofluar DIC objective (Zeiss, Germany), with a 532 nm 

wavelength solid-state laser and 10 mW applied power. For the in-situ measurements, 

a temperature stage from Linkam (model TS1500, Linkam Scientific Instruments Ltd., 

United Kingdom) was used; the measurement spanned from room temperature (25°C) 

to 1000°C. Temperature steps of 50°C were employed from 300°C to 650°C and from 

800°C to 1000°C. Within the range of 650°C to 800°C, 25°C steps were chosen. Each 

temperature step had a holding time of 2 min to ensure reaching a steady state. 

For a comprehensive examination of thin film morphology and assessment of cleaved 

cross-section thickness, scanning electron microscopy (SEM) was employed. The 

imaging was conducted using a Zeiss AURIGA®-CrossBeam® dual-beam SEM 

(Zeiss, Germany), delivering high-resolution micrographs and critical insights into the 

surface characteristics and structural attributes. Cross-section images were captured 

using a 30 µm aperture and a 2 kV excitation. The InLens-Secondary Electron (SE) 

detector was employed for image acquisition. Surface micrographs, on the other hand, 

were captured with a 3 kV excitation and a 60 µm aperture. The SE, Back Scattered 

Electron (BSE), and InLens detectors were employed for surface imaging. Elemental 

analysis of the thin films was performed by measuring with an energy-dispersive X-ray 

spectrometer (EDX) at the SEM equipped with an X-Act detector (Oxford Instruments, 

UK). For point and area measurements, a measuring time of 10 s and an acceleration 

voltage of 5 kV were selected. In contrast, for element distribution images, a measuring 

time of 786 s and also an acceleration voltage of 5 kV were employed. 

Polarization versus electric field hysteresis loops (P-E loops), temperature dependent 

dynamic hysteresis loops, leakage and cyclic fatigue measurements were conducted 

using an aixACCT TF3000 analyzer (aixACCT, Germany). For these analyses, 

tungsten needles with a tip radius of 20 µm were employed. All polarization 

measurements were executed at a frequency of 1 kHz and 10 kHz. The leakage 

current density versus electric field, and also the fatigue measurements were carried 

out at room temperature. For the temperature-dependent dynamic hysteresis 

measurements, the range covered was from 20°C to 140°C, with increments of 20°C.   
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4 Results and Discussion 

In the next section, the research results are studied and interpreted, with a detailed 

analysis of the data obtained. By critically examining these results, meaningful insights 

are gained, links to the existing literature are established and the implications for a 

wider field of research are highlighted. 

 

4.1 Raman spectroscopy of thin films 

The precursor chemistry was recognized as a crucial factor influencing both the 

crystallization process and the level of crystallographic texture in thin films based on 

BiMgNbO3 (BMN). An important role in thin film processing is played by the 

crystallization temperature, which has to be chosen carefully in order to optimize the 

crystalline quality (i.e., high density and absence of defects) and texture. In the 

absence of established literature on BMN thin films, the selected temperature steps for 

the further processing of the BMN-based thin films were determined through in situ 

Raman spectroscopy experiments. Raman spectroscopy was used also to confirm the 

stoichiometry of the thin films as a result of the precursor solutions chemistry. First 

measurements have been done on the single material system BMN. The 

measurements were conducted as an in-situ crystallization study, wherein the 

substrate was coated with the prepared BMN precursor solution using a spin coater. 

Subsequently, after an additional drying step at 200°C on a hot plate, the coated, not 

yet crystalline, thin film was introduced into the heating chamber of the Linkam stage 

in the Raman setup. 

This was primarily undertaken to gain insight into the range of crystallization 

temperatures to be employed within the frame of this study. In addition, it was 

employed to observe and track the occurrence of potential phase transitions. 

The whole in situ measurement was executed from room temperature up to 1000°C. 

From 25°C on, two further measurements at 100°C, as well as 200°C, have been 

performed. Starting from 300°C up to 650°C and from 800°C up to 1000°C, 

temperature steps of 50°C have been used. In the range from 650°C to 800°C, a step 

size of 25°C was selected to have a better temperature resolution in the expected 

crystallization temperature window. 

From room temperature up to 600°C the Raman spectra of BMN appear consistent 

with an amorphous thin film. Around 675°C the first changes in the peaks can be 

recognized by the appearance of broad modes at ~300 cm-1 and 550 cm-1, which are 
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associated with a disordered perovskite structure. [44] 675°C thus marks the start of 

the thin film crystallization process. 

In the scope of this thesis, a rapid thermal annealer (RTA) was employed to facilitate 

the crystallization of the applied thin films and produce the high-temperature perovskite 

phase with as little secondary phases as possible. The lowest possible crystallization 

temperature was chosen to have the least severe impact on the substrates. The 

heating chamber of the Raman, however, was configured with a heating rate of 

2 °C/min. Given the intention to vary the heating rates in the RTA much faster than that  

from 1 °C/s up to 30 °C/s, it was deemed necessary to select a lower crystallization 

temperature accordingly. Therefore, a lower boundary of 650°C was established for 

the annealing of the films in the RTA. 

 

Figure 16: Raman spectra of BMN in-situ temperature-dependent measurement. 

As depicted in Figure 16, variations in the Raman spectra are evident up to 1000°C. 

However, this was not considered as the upper boundary, given that the substrates 

used for the thin films are incapable of withstanding such high temperatures, which 

could lead to delamination and diffusion. [22, 23] 
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Figure 17: Raman spectra of BMN-BNT thin films at room temperature. [45] 

Due to this consideration and the incorporation of Bismuth in the precursor solution, a 

maximum variation of the crystallization temperature was set at 750°C for the 

subsequent experiments carried out in the RTA. For the variously prepared thin films 

of the BMN-BNT material system, Raman measurements were conducted at room 

temperature (RT) displayed in Figure 17. In Figure 17 above, it is evident that all 

spectra display similar and more or less broad peaks. No secondary phases were 

identified that could be attributed to the changed parameters of the process. When the 

measured spectra are compared with the Raman spectrum of a BNT ceramic [45], 

similar modes are observed for both materials at 290 cm⁻¹ and 540 cm⁻¹. Additionally, 

less intense modes can be identified around 120 cm⁻¹ and 740 cm-1. The modes at 

around 290 cm-1, 540 cm-1 and 740cm-1 are an indication for the ferroelectric nature of 

the produced films, in general it can be said that the appearance of the broad peaks 

can be explained by a convolution of several peaks. [46] The broad band observed 

near 290 cm⁻¹ (E(TO2)) is indicative of the stretching of short-range TiO₆ octahedra, 

while the band at around 540 cm⁻¹ (LO2) is attributed to the symmetric vibration of O-

Ti-O stretching within the TiO₆ cluster. [47] 

Figure 18 presents the Raman spectra of the BMN-NN material system. In comparison 

with a Raman spectrum of a pure NN thin film [4], it can be observed that the peaks 
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are all slightly shifted for the measured BMN-NN thin films. This could be ascribed to 

the combined A- and B-site substitution through Bi3+ and Mg2+, respectively.  Overall, 

there were no secondary phases identified that could be linked to the altered 

parameters of the process. A difference among the prepared BMN-NN films becomes 

noticeable at low wavenumbers. A distinct and well-defined peak at low wavenumbers 

is evident in the films prepared with a crystallization temperature of 680°C. This peak 

cannot come from the antiferroelectric NaNbO3-peaks, located at 60 cm-1 and 72 cm-1. 

[48] In literature no spectral information below 100 cm-1
 for this structure is reported, 

contrasting for Pb(Zr,Ti)O3 where this mode, essential for permittivity, is highlighted 

due to its association with anharmonic Pb vibrations. [49] 

 

Figure 18: Raman spectra of BMN-NN thin films at room temperature. [4] 
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4.2 X-ray diffractometry characterization 

X-ray diffraction (XRD) is an excellent method for analyzing the structure of materials. 

Modern diffraction techniques enable us to carry out measurements on thin and ultra-

thin films using customized equipment. In the case of this work, the phase of the films 

is crucial in order to obtain ferroelectric properties. The interest in using this technique 

was to identify the phases present in the thin films. To achieve this, 2θ scans were 

performed. 

The XRD patterns of the BMN-BNT thin films are presented in Figure 19.The red lines 

at the bottom of the figure indicate the typical 2θ-values for Bi0.5Na0.5TiO3 (ICDD-

number: 036-0340), representing a rhombohedral crystal structure, while the blue lines 

correspond to NaNbO3 (ICDD-number: 01-074-2456), representing a tetragonal crystal 

structure. There were peaks observed in some samples, which have been produced 

at a crystallization temperature of 680 °C, occurring around ~38°, ~45°, and ~65°. 

These peak positions align remarkably well with the ICDD-code 01-074-2352 of Bi4O7. 

This secondary phase (marked with (*) in Figure 19) due to Bi excess could arise due 

to variations in the precursor ratios or other processing conditions, leading to an 

incomplete reaction or incomplete incorporation of Bi0.5Na0.5TiO3 and the formation of 

the Bi4O7. It would be valuable to investigate and optimize the stoichiometric ratios to 

minimize the presence of unreacted Bi4O7 in the final material. 

 

Figure 19: XRD pattern of BMN-BNT thin films at room temperature, secondary phases 
(*). 
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The deviation of the curve's behavior from the norm, observed in the sample produced 

with a heating rate of 10 °C/s and a crystallization temperature of 680 °C (light green 

line), can be attributed to sample alignment. Despite the appearance of a larger 

baseline, the positions of the peaks remain unchanged and unshifted, so baseline 

subtraction was not performed. 

In Figure 20, the XRD patterns of the material system BMN-NN at room temperature 

are shown. The blue lines in Figure 20 denote NaNbO3 (ICDD-number: 01-074-2456), 

indicating its tetragonal crystal structure, while the red lines represent the typical 2θ-

values for Bi0.5Na0.5TiO3 (ICDD-number: 036-0340), indicating its rhombohedral crystal 

structure. Again, additional peaks can be found for the samples with a crystallization 

temperature of 680 °C at ~38°, ~45°, ~65° and ~78°, which are most likely from Bi4O7 

or NaBiO3 (ICDD: 00-050-0085), marked with (*) in Figure 20. 

 

Figure 20: XRD pattern of BMN-NN thin films at room temperature secondary 
phases (*). 

For a more comprehensive interpretation of the XRD data, the peak around 32° (the 

most intensive peak) was selected and analyzed in detail. (Figure 21) It is apparent 

that in both XRD patterns (Figure 19 and Figure 20), the peak seems to be a 

combination peak of the Bi0.5Na0.5TiO3  as well as the NaNbO3. Subsequently, as it can 

be seen in Figure 21, a discernible shift towards higher 2θ-values becomes evident for 

both BMN-based systems, as soon as the crystallization temperature increases. This 
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observed shift could be interpreted as a contraction or reduction in the lattice 

parameter. 

Observing the red dots in Figure 21 for the BMN-BNT system, it can be noted that at 

650°C, the peak remains stationary, regardless of the heating rate. Similarly, for the 

thin films produced with a crystallization temperature of 680°C and subjected to both 

low and high heating rates (1 °C/s and 30 °C/s), a consistent behavior is observed. 

The 680/10 exhibits a distinctly different behavior, as evident and explained in 

Figure 19 as well.  

 

Figure 21: Peak shifting, depending on different Tcryst. and heating rates, at a 2Θ value 
of 32°, outlier observed at 680/10 out of range. 

Generally, XRD measurements provide insights into the average lattice constants over 

a significant volume. An outlier observed at 680°C indicates the presence of a 

secondary phase, resulting in a notably different overall average lattice constant, as 

the lattice constant of the secondary phase must be smaller than that of BMN. The A-

site substitution in BMN-NN, which increases the ionic radii, leads to a decrease in the 

2θ values. Conversely, BMN-BNT exhibits a much lower increase in A-site substitution 

due to the 50:50 ratio Bi by Na substitution, resulting in BMN-NN having a much lower 

2θ value than pure BMN, while BMN-BNT shows a smaller decrease compared to 

BMN. At 650 °C, the 2θ values are constant over all used heating rates and relatively 

lower than at the other temperatures, possibly associated with an enlarged lattice 
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parameter. This indicates of an effective incorporation of Bi0.5Na0.5TiO3 (BNT) into the 

BMN system at this temperature, correlating with observed optimal leakage behavior 

and the highest Wrec values at this temperature for the highest attainable electric field 

strength. Additionally, films synthesized at a Tcryst. of 700°C with heating rates of 

10 °C/s and 30 °C/s exhibit comparable peak positions and demonstrate the best 

temperature stability. Thus, variations in peak position among other values may be 

attributed to different lattice constants, possibly coming from secondary phases. 

In case of the BMN-NN system, represented by the gray squares in Figure 21, a similar 

trend is observed. Minimal or negligible shifts are observed at lower crystallization 

temperatures, while a more pronounced shift towards higher angles, and consequently 

higher 2θ-values, becomes evident with increasing temperature. 

For BMN-NN, the peak positions observed at higher values for a Tcryst.=700°C and 

heating rates of 1 °C/s and 10 °C/s represent the best properties, suggesting an optimal 

lattice parameter in that range. It appears that NN is more sensitive to process 

parameters overall, exhibiting a wider deviation range compared to BNT, with 

maximum variation values of 6% for NN and 4% for BNT, respectively. This variability 

highlights the need for precise control and optimization of processing parameters to 

achieve consistent and desired material properties, especially when working with 

BMN-NN thin films. 

In general, it is common to observe slight shifts in the peak positions in the 2theta scan, 

which can be attributed to factors such as residual stresses, substrate-induced strain, 

or compositional changes in the film. The shape of the peaks is influenced by the size 

of the grains, as well as compositional gradients and strain distributions. It is also 

essential to check the substrate peak positions, so that a reference sample is used to 

verify the proper alignment of the diffractometer. In addition, the lattice parameters of 

the film can change due to factors such as compositional strain, epitaxial strain, thermal 

strain or intrinsic residual strain. Oxide layers are usually reduced during deposition, 

which leads to chemical expansion. To maintain oxygen stoichiometry, annealing in an 

oxidizing atmosphere is often required. Further XRD experiments, including reciprocal 

space mapping (RSM), residual stress analysis and in-plane diffraction, may be 

required to fully understand the nature of strain in a particular layer. [38] 

For thin films, however, it is critical to consider other sources of peak broadening that 

may exceed the contribution of crystal domain size. As mentioned earlier, thin film 

materials are susceptible to retaining lattice strains that affect their average structure 

and cause shifts in peak positions, often referred to as macrostrain. [38] 
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4.3 Scanning electron microscopy characterization 

Scanning electron microscopy is a very well-known and practical method to explore 

the morphological aspects of materials at the nanoscale, in particular to probe the 

surface morphology and cross section of thin films. Zhou et al. described in detail the 

fundamentals of SEM. [32] 

As already noted in Figure 7 in chapter 0, the impact of the heating rate on the 

microstructure is relatively minor compared to the temperature, since the heating rate 

is only varied in the °C/s range and not to °C/min. In this section, the characterization 

and the influence of different heating rates and crystallization temperatures on the 

deposited thin films are investigated. 

In consideration of electrical properties, which will be further discussed and explained 

in the next section, a comparison was made between on the one hand thin films 

produced at the same temperature and on the other hand those produced with the 

same heating rate. These selected films were then subjected to characterization using 

SEM. The discussion includes cross-section as well as top-view SEM images. All the 

cross-section images reveal distinct layers, beginning from the bottom with Si, SiO2, 

TiO2, Pt, and culminating with the deposited functional dielectric on top. This is shown 

in Figure 22, serving as an example for all the conducted cross-section images. All the 

films have been measured on a spot without the sputtered gold electrode on top, in the 

picture the position of the Au/Cr layer is exemplified by a drawn model for visualization. 

 

Figure 22: Cross-section of a BMN-based thin film. 
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In Figure 23 a), cross-sectional SEM micrographs of BMN-BNT samples are 

presented, all obtained under a consistent crystallization temperature of 700°C. 

Nevertheless, a distinction is evident; films prepared with a low heating rate (1 °C/s) 

and those with a high heating rate (30 °C/s) appear less dense, exhibiting some 

noticeable intergranular porosity, but in general, these two rates show a columnar 

growth of the grains. In contrast, thin films prepared with a heating rate of 10 °C/s show 

a denser but more granular microstructure. Even in the cross-section, a variation in 

grain size is apparent. A more detailed discussion on this aspect will be presented 

through the top-view images showcased in Figure 23 b) and Figure 23 c). 

 

Figure 23: SEM BMN-BNT thin films micrographs a) cross-section b) surface with 50K 
magnification and c) surface with 20K magnification: a comparison of the different 
heating rates at a const. crystallization temperature of 700°C. 

Cross-sectional SEM measurements of the BMN-based thin films were also performed 

to measure the thickness of the thin films. The thickness was determined using ImageJ 

by calculating the average of ten measurements of the functional dielectric lengths in 

the cross-section. The mean film thicknesses of all BMN-BNT thin films, which have 

been characterized with SEM, are presented in Table 3. 
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Table 3: Overview of the mean thicknesses of BMN-BNT thin films. 

Material 

system 

Crystal. Temperature 

[°C] 

Heating 

rate [°C/s] 

Mean Thickness 

[nm] 

BMN-BNT 

650 10 189.705 ± 08.135 

680 10 170.568 ± 09.679 

700 01 188.236 ± 09.952 

700 10 182.128 ± 08.832 

700 30 181.479 ± 09.964 

750 10 205.035 ± 15.659 

 

Table 3 reveals that the film thicknesses are generally comparable and within a similar 

range. Therefore, the thickness for calculating the electric field is assumed to be 

200 nm for all measured thin films. 

As mentioned before, the top-view micrographs can be seen in Figure 23 b) and Figure 

23 c). In column b), a magnification of 50K is presented, whereas column c) is captured 

at the same location but slightly further away, featuring a magnification of 20K. This 

provides a broader view of the deposited dielectric layer. For the films produced with 

both low and high heating rates (1 °C/s and 30 °C/s), a well-blended combination of 

large and small grains is evident. The films produced with a heating rate of 10 °C/s 

exhibit the highest level of homogeneity, marked by the presence of both, small grains 

and a consistent distribution of grain sizes throughout the structure. This noteworthy 

combination suggests a well-controlled and uniform crystallization process, 

contributing to the overall structural integrity and quality of the thin films. The careful 

balance of grain sizes at this heating rate underscores the effectiveness of the 

crystallization conditions, highlighting its significance in achieving optimal film 

properties. 

Figure 24 now highlights chosen BMN-BNT thin films with a consistent heating rate of 

10 °C/s, showcasing variations in crystallization temperature at 650°C, 680°C, 700°C, 

and 750°C. In column a) of Figure 24, cross-section images are presented. In this 

instance, a notably intergranular porous microstructure is evident at 650°C, gradually 

becoming more homogeneous as the temperature increases. 
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Figure 24: SEM BMN-BNT thin films micrographs a) cross-section b) surface with 50K 
magnification and c) surface with 20K magnification: a comparison of the different Tcryst. 
at a const. heating rate of 10 °C/s. 

Upon analyzing the top view (Figure 24 b) and Figure 24 c)), it becomes apparent that 

the grain sizes and distribution vary significantly depending on the different 

temperatures. At 650°C and 680°C, the grains appear with intergranular porosity, and 

there is an observable increase in grain sizes. At 700°C, a distinct image emerges, 

with the grains appearing more granular and exhibiting no further intergranular 

porosity. A homogeneous distribution of grain sizes is noticeable. At 750°C, the grains 

become significantly larger, accompanied by the emergence of voids or holes between 

the grain boundaries. A form of layer growth away from the grain boundaries becomes 

apparent. This can be explained by the interaction between the underlying layer and 

the added layer, which determines the growth mode to a large extent. Unfortunately, 

electrical measurements could not be conducted at this particular temperature. The 
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unavailability of such data limits the insights into the electrical characteristics of the 

BMN-BNT thin films specifically above 700°C. This gap underlines the need for further 

investigations and measurements to gain a comprehensive understanding of the 

electrical behavior of thin films at different crystallization temperatures. 

Figure 25 a) shows a detailed view of SEM micrographs representing BMN-NN thin 

films. These films share a uniform crystallization temperature set at 700°C. This 

controlled parameter allows a focused examination of the microstructural 

characteristics across various regions of the thin films. 

 

Figure 25: SEM BMN-NN thin films micrographs a) cross-section b) surface with 50K 
magnification and c) surface with 20K magnification: a comparison of the different 
heating rates at a const. crystallization temperature of 700°C. 

No significant difference can be seen when comparing the different heating rates in the 

cross-section images of Figure 25 a); however, the films produced at a rate of 10 °C/s 

have a slightly denser appearance compared to the others. 

Examining the top view of Figure 25 b) and c) reveals a significant similarity among the 

films, with the smallest grains apparent at the highest heating rate (30 °C/s). In a 

broader context, the films show some grains with a presence of intergranular porosity, 

but the grains showcase a distinctive columnar growth pattern throughout the material 

structure. This observation implies a nuanced relationship between the material's 



 

 40 

microstructure and the prevalent heating conditions. Also, the grains in the thin film 

subjected to the highest heating rate (30 °C/s) appear more granular compared to 

those with lower heating rates. 

As previously mentioned, cross-sectional SEM measurements were performed also on 

the BMN-based thin films, to assess their thickness. Utilizing ImageJ, the thickness 

was determined by averaging ten measurements of cross-section functional dielectric 

lengths. Table 4 provides now the mean film thicknesses for all BMN-NN thin films that 

underwent SEM characterization. 

Table 4: Overview of the mean thicknesses of BMN-NN thin films. 

Material 

system 

Crystal. Temperature 

[°C] 

Heating 

rate [°C/s] 

Mean Thickness 

[nm] 

BMN-NN 

650 10 224.091 ± 15.862 

680 10 216.417 ± 09.542 

700 01 205.714 ± 07.172 

700 10 213.220 ± 06.037 

700 30 224.227 ± 06.664 

750 10 181.241 ± 07.520 

 

When comparing the thicknesses of the films, Table 4 reveals that those of the BMN-

NN films are slightly greater than the corresponding values for the BMN-BNT material, 

as presented in Table 3. The thickness of the thin films is generally very similar. Hence, 

a uniform thickness of 200 nm is assumed for calculating the electric field across all 

measured thin films. 
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Figure 26: SEM BMN-NN thin films micrographs a) cross-section b) surface with 50K 
magnification and c) surface with 20K magnification: a comparison of the different Tcryst. 
at a const. heating rate of 10 °C/s. 

Figure 26 now features chosen BMN-NN thin films, also specifically selected based on 

their electrical properties. These films were subjected to a uniform heating rate of 

10 °C/s, highlighting variations in crystallization temperature at 650°C, 680°C, 700°C, 

and 750°C. 

The correlation between temperature and grain size is evident: as the temperature 

increases, the size of the grains also increases. However, it is important to 

acknowledge the limitations due to interphase problems. With the rise in temperature, 

there is a noticeable transition in the microstructure to a denser configuration. While 

grains at 700°C and 750°C exhibit a more separated appearance, the overall 

microstructure at higher temperatures displays a remarkable reduction in intergranular 

porosity compared to the films processed at lower temperatures of 650°C and 680°C. 
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This shift in the structural characteristics underscores the influence of temperature on 

the density and integrity of the thin films. 

Once again, the electrical measurements for the BMN-NN films faced challenges, 

proving unfeasible at 750°C as the application of an electrical field was not possible. 

This limitation hinders a comprehensive understanding of the electrical properties of 

the films at the specific conditions of the elevated high temperature. 

In general, for both systems, it can be said that at a temperature around 650°C, 

interdiffusion takes place between the individual layers. Furthermore, at approximately 

750°C, TiO2 loses its effectiveness as a diffusion barrier completely. [22, 23] The 

substrates employed in this study are standard substrates commonly used in this field. 

Alternatively, to address the issue of diffusion barrier loss, substrates like ZnO or others 

may prove more suitable for applications at high temperatures. [22, 23] 

The SEM topography micrograph presented in Figure 27 a) reveals no microstructural 

inhomogeneities on the nanoscale. A homogeneous microstructure can be confirmed 

upon comparing the positions of these areas with the respective positions on the EDX 

elemental mappings, which can be seen in Figure 27 b) to h). The brightness/darkness 

effect observed in Figure 27 a) can be explained by the topographical variances 

resulting from distinct crystal orientations within the microstructure. This phenomenon 

offers insights into the structural complexity of the material, highlighting how various 

orientations contribute to the overall topographic features observed in the SEM 

micrograph. 

 

Figure 27: BMN-BNT SEM (secondary electrons) surface image of the film deposited 
at 700°C crystallization temperature and EDX mapping of the same region of b) Bi, c) 
Mg, d) Nb, e) O, f) Na, g) Ti and h) Mn. 

The same characterization has been conducted for the BMN-NN system. In Figure 

28 a) the SEM topography micrograph shows no discernible microstructural 

inhomogeneities. The uniform and homogenous microstructure also for this material is 



 

 43 

affirmed upon comparison with the corresponding positions on the EDX elemental 

mappings in Figure 28 b) to g). 

 

Figure 28: BMN-NN SEM (secondary electrons) surface image of the film deposited at 
700°C crystallization temperature and EDX mapping of the same region of b) Bi, c) Mg, 
d) Nb, e) O, f) Na and g) Mn. 

In Figure 29, the behavior of the atom% in BMN-BNT-based thin films is illustrated, 

showcasing variations with different heating rates and crystallization temperatures. 

 

Figure 29: BMN-BNT elemental distribution over Heating rate (Tcryst. = const. = 700°C) 
and Tcryst.(HR = const. = 10 °C/s). 

For each thin film sample of BMN-BNT, elemental distribution measurements were 

conducted through two single-point measurements and one area scan. To gain a 

comprehensive understanding of elemental distribution in the films, the results from all 

measurements were averaged. The analysis revealed a notable high error bar at a 

heating rate of 10 °C/s, which can be attributed to the single-point measurements. In 

certain areas, Titanium (Ti) is essentially absent, explaining the observed variations. 

The atom% for each element generally aligns with expectations and calculations, with 
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the exception of Titanium, which, although still within the range, exhibits some variation 

due to the averaged measurements. 

 

Figure 30: BMN-NN elemental distribution over Heating rate (TTZ = const. = 700°C) 
and Tcryst.(HR = const. = 10 °C/s). 

Similar to the approach taken for the BMN-BNT material, elemental distribution 

measurements for BMN-NN thin film samples were carried out using two single-point 

measurements and one area scan. Figure 30 illustrates that the material displays a 

remarkably stable elemental distribution behavior, both across different heating rates 

and varying crystallization temperatures. This stability is also visually evident in SEM 

images (Figure 25), where minimal changes in density or homogeneity are observed. 

Furthermore, the elemental composition remains in line with expectations and 

calculated values, indicating consistent and expected amounts. 
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4.4 Electric measurements and electric properties 

This section deals with systematic research into the electrical behavior and properties 

of the BMN-based systems. Through precise measurements and in-depth analysis, 

this section aims to explain the electrical properties and clarify fundamental aspects 

that improve the overall understanding of the subject, also in view of a potential 

application of the investigated materials. 

4.4.1 Polarization-electric field (PE) hysteresis loops 

The section on the PE loops is divided into two subsections to provide a more 

comprehensive understanding of the area of application. 

4.4.1.1  Bipolar dynamic hysteresis measurements 

The dynamic hysteresis measurements record the hysteresis loop of a ferroelectric 

material and help to analyze the influence of the process parameters on the shape of 

the hysteresis loop. Measurement parameters such as the amplitude or frequency of 

the excitation signal can be varied. Either bipolar or unipolar loops have been chosen 

as representative examples due to their ability to achieve the highest electric field, 

coupled with elevated values of electrical properties such as Wrec. Bipolar PE-loops of 

the BMN-based thin films and are showcased in Figure 31 a) and b) for BMN-BNT and 

BMN-NN, respectively. For BMN-BNT, an electric field of 1000 kV/cm could be attained 

at a frequency of 10 kHz, while for BMN-NN, at the same frequency, an electric field of 

750 kV/cm was achieved. A detailed discussion of all the characteristics will be 

provided in the upcoming section. 

 

Figure 31: Bipolar PE-loops up to the highest reachable electric field of a) BMN-BNT 
and b) BMN-NN. 
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Generally, and as confirmed by the experiments in this study, films tend to exhibit more 

leakage at lower frequencies (around 1 kHz), leading to lower energy storage 

efficiency. Increasing the frequency helps suppressing some of the leakage effects, as 

the dynamics of surface charges and defects are slower than approximately 1 kHz. 

However, true ferroelectric switching occurs across a wide range of frequencies. To 

reduce the impact of leakage contributions, all films were measured at 10 kHz to 

decouple from the leakage and consequently provide a more accurate evaluation of 

the actual energy storage properties. To gain a better understanding and insight of how 

the heating rate and temperature influence the electrical properties of the bipolar loops, 

a comparison of relevant properties over the electric field was conducted. Firstly, it 

must be acknowledged that electrical measurements could not be conducted on films 

crystallized at a temperature of 750°C. This could be explained by a damaged 

microstructure, an interdiffusion with the substrate or a possible damage of the 

substrate due to elevated temperatures. The high failure rate resulted in a mix of 

successful and unsuccessful attempts, making it impossible to draw any scientific 

conclusions. So, for all the electrical measurements, films produced with crystallization 

temperatures of 650°C, 680°C, and 700°C were selected for a comparison. The Wrec 

over electric field behavior for BMN-BNT thin films can be seen in Figure 32. 

 

Figure 32: BMN-BNT thin films: Behavior of varying heating rate at a) Tcryst = 650°C, b) 
Tcryst. = 680°C and c) Tcryst. = 700°C on electric field. 
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In Figure 32 a), it is evident that for a crystallization temperature of 650°C, the highest 

electric field as well as the highest value for recoverable energy density (W rec) can be 

achieved with a heating rate of 30 °C/s. Additionally, the efficiency exhibits the most 

favorable behavior under these conditions. Likewise, the behavior is relatively 

consistent across other heating rates, yet a breakdown at lower electric field levels 

becomes evident. At a crystallization temperature of 680°C, as depicted in Figure 32 

b), the lowest (1 °C/s) and the middle (10 °C/s) heating rates demonstrate the highest 

values for Wrec as well as for the efficiency. However, the highest heating rate (30 °C/s) 

tested over the electric field did not surpass values higher than 250 kV/cm, indicating 

a notably low best-case breakdown strength under these conditions. As evident in 

Figure 32 c), at 700°C, all three heating rates exhibit nearly identical behavior, 

characterized by a linear trend. However, the highest recoverable energy density (W rec) 

and the highest electric field are achieved with a heating rate of 1 °C/s. 

For all Wrec-electric field graphs of the BMN-BNT material, Figure 32 a), b), and c), it 

can be observed that the Wrec increases with higher electric field, while the efficiency 

behaves inversely - showing a decrease with higher electric field values. In general, 

an initial trend can be identified, indicating that films with low crystallization 

temperatures and high heating rates, as well as those with middle heating rates and 

middle crystallization temperatures, and finally, films with high crystallization 

temperatures and low heating rates, exhibit the best values for W rec at high electric 

fields. Highest Wrec-values are reached for the films prepared with a Tcryst. of 650°C.  

In Figure 33, all the BMN-NN films produced at 650°C, 680°C, and 700°C and the 

different heating rates are depicted to illustrate the behavior of Wrec concerning the 

electric field. For Figure 33 a), corresponding to 650°C crystallization temperature, it is 

noteworthy that the highest electric field and the highest W rec are achieved with the 

highest heating rate (30 °C/s). 
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Figure 33: BMN-NN thin films: Behavior of varying heating rate at a) Tcryst = 650°C, b) 
Tcryst. = 680°C and c) Tcryst. = 700°C on electric field. 

It should be noted that the efficiency for this temperature and also for Figure 33 b) 

varies significantly across different heating rates. Also, Figure 33 b) shows that the 

Wrec values are significantly lower compared to the values at lower and higher 

crystallization temperatures. The highest electric field can be achieved with films of a 

Tcryst. of 650°C. (Figure 33 a) In general, it can be observed that, for this composition, 

lower electric fields are reached as for the material system BMN-BNT, and 

correspondingly, the values for Wrec are also lower. 

 

4.4.1.2  Unipolar dynamic hysteresis measurements 

In the field of microelectromechanical systems (MEMS), which are based on 

piezoelectric thin films, the electrical properties play an essential role in determining 

device functionality. Unipolar loops are of greater interest for applications, due to their 

special behavior and the possibility of achieving higher electric fields compared to 

bipolar measurements. Understanding and optimizing these electrical properties is 

critical to the effective performance of MEMS devices using piezoelectric thin films. 
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Figure 34: Unipolar PE loops up to the highest reachable electric field of a) BMN-BNT 
and b) BMN-NN. 

In Figure 34 a) unipolar PE-loops of the BMN-BNT material system are shown. This 

observation shows that a considerable electric field is achieved, reaching up to 

1400 kV/cm. In contrast, Figure 31 shows that the highest electric field achieved in 

bipolar BMN-BNT measurements is around 1000 kV/cm. For BMN-BNT as well, higher 

polarization values can be achieved compared to the bipolar measurements. A similar 

trend is observed in  Figure 34 b) for the BMN-NN system. Additionally, it can be noted 

that the loops of the BMN-NN material exhibit a slimmer shape, with significantly higher 

polarization levels achievable compared to bipolar loops within the same system. It 

should be noted that a frequency of 10 kHz was selected for all these measurements. 

Due to the positive impact on achieving higher electric values, all subsequent 

measurements were conducted using a unipolar measurement setup. 

For the upcoming comparison in terms of crystallization temperature, only films with 

high electric values for Wrec are highlighted. For example, films made from both the 

BMN-BNT and BMN-NN material systems, which were produced at a crystallization 

temperature of 680°C, exhibited low and insignificant electrical values, which makes 

them less relevant for applications and they therefore do not appear in the comparison. 

 

Figure 35: BMN-BNT unipolar loops and Wrec value over electric field comparison of 
different heating rates at Tcryst. = 650°C. 
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In Figure 35 it can be seen that films produced at Tcryst. = 650°C and a low heating rate 

of 1 °C/s, reach a high Wrec of around 20 J/cm3. The electrical values decrease with an 

increase in the heating rate. However, the efficiency at low heating rate (1 °C/s) 

remains relatively stable over a wide range of electric field values. Conversely, the 

efficiency at a heating rate of 10 °C/s exhibits fluctuations and experiences a significant 

decrease. 

 

Figure 36: BMN-BNT unipolar loops and Wrec value over electric field comparison of 
different heating rates at Tcryst. = 700°C. 

Figure 36 displays the Wrec values of films produced with a crystallization temperature 

of 700°C. In both a) and b), the values fall within a similar range, yet they are lower 

compared to the films produced at 650°C (Figure 35). Additionally, the efficiency varies 

over a broad range. Although the electric field values are high, films with a 

crystallization temperature of 650°C (Figure 35) in the same system achieve even 

higher values. 

For the forthcoming comparison of the BMN-NN system in Figure 37, only three films 

exhibited high electric values for Wrec. Namely, two films with a crystallization 

temperature of 650°C, one at a low (1 °C/s) and the other at a high (30 °C/s) heating 

rate, and one additional film with a heating rate of 10 °C/s and a higher crystallization 

temperature of 700°C are highlighted and they will be analyzed in the upcoming part 

in more detail. 

In terms of Wrec, the highest value (≈ 13 J/cm3) is achieved with a Tcryst. of 700°C and 

a heating rate of 10 °C/s. Additionally, for this thin film the efficiency values are higher 

compared to the other two films produced at Tcryst. = 650°C. It's worth noting that high 

electric field values can be achieved for this system with all three films and the different 

synthesis parameters. 
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Figure 37: BMN-NN unipolar loops and Wrec value over electric field comparison of 
different heating rates at a) and b) Tcryst. = 650°C and c) Tcryst. = 700°C. 

To generate an overview of all the produced films with varying processing parameters, 

it was essential to identify suitable parameters for a meaningful comparison. For both 

material systems, BMN-BNT and BMN-NN, the highest electric field all films could 

reach was 500 kV/cm. This served as the lower boundary for initiating a comparison 

based on the Wrec values of unipolar PE-loops. (see Figure 38) All measurements were 

conducted with a frequency of 10 kHz. In Figure 38 a), it is evident that, for the BMN-

BNT material system, the highest values of Wrec at 500 kV/cm are achieved with a 

crystallization temperature of 700°C and a heating rate of 30 °C/s. It is important to 

note that the electric breakdown strength of this thin film occurred already at 

500 kV/cm. However, as previously mentioned in Figure 35, the Tcryst. = 650°C and a 

heating rate of 1 °C/s show high values for the Wrec. In general, it can be observed that 

for the BMN-NN system the best electric properties are attained for a low Tcryst. and a 

low heating rate (1 °C/s), as well as for a high Tcryst. and a high heating rate (30 °C/s). 

 

The previously discussed result is reflected in Figure 38 b) as well. The highest Wrec 

values can be achieved with a high crystallization temperature of 700°C and a heating 

rate of 10 °C/s. The other two crystallization temperatures do not appear to be the 

optimal choices for reaching high values for Wrec. 
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Figure 38: Comparison on Wrec at the same electric field (500 kV/cm) with different 
heating rates over the crystallization temperatures a) BMN-BNT and b) BMN-NN thin 
films. 

As a reminder, and already mentioned in the beginning of this section, electrical 

measurements could not be carried out at a crystallization temperature of 750°C 

because of substrate failure. The high error rate led to a mixture of successful and 

unsuccessful attempts, so that no scientific conclusions could be drawn. 

 

4.4.2 Leakage current density measurements 

In Figure 39, the leakage current density versus the electric field is plotted for all BMN-

BNT thin films. Films produced with a crystallization temperature of 650°C and heating 

rates of 1 °C/s and 30 °C/s, as well as Tcryst. = 700°C and a heating rate of 1 °C/s, 

exhibit low leakage currents that increase with higher electric field. Meanwhile, the 

films with a crystallization temperature of 650°C and a 10 °C/s heating rate and 

Tcryst. = 700°C with a 10 °C/s heating rate show low leakage currents at lower fields, 

but there is an increase at higher fields. In particular, at a crystallization temperature 

of 680°C and at heating rates of 1 °C/s and 10 °C/s, the leakage current density is 

high, indicating a higher conductivity. This is thought to come from the presence of 

secondary phases in small amounts, as also shown by XRD analysis, since metal 

oxides (MeO) are semiconducting and influence the conductivity of the thin films. 
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Figure 39: Leakage current density vs. applied DC electric field of BMN-BNT thin films. 

 

The relationship between leakage current density and electric field for all BMN-NN thin 

films is illustrated in Figure 40. The films produced with a crystallization temperature of 

700°C and a heating rate of 10 °C/s exhibit the lowest leakage current. Additionally, 

the film with a crystallization temperature of 650°C and a heating rate of 30 °C/s, as 

well as Tcryst. = 700°C and 30 °C/s demonstrate a similar low-leakage current behavior. 

The different crystallization temperatures of 700°C and 650°C with the same heating 

rate of 1 °C/s show a slight increase of the leakage current at higher electric field. The 

only film that significantly deviates from the norm, starting from an electric field of 80 

kV/cm, is produced at a crystallization temperature of 650°C and a heating rate of 

10 °C/s. In general, it must be said that the BMN-NN system exhibits a much more 

stable behavior than BMN-BNT regarding the leakage current. All the films 

demonstrate lower conductivity levels compared to the other material system of BMN-

BNT, within these three exceptions of the BMN-BNT material (Tcryst. = 650°C and HR 

= 1 °C/s, Tcryst. = 650°C and HR = 30 °C/s, Tcryst. = 700°C and HR = 1 °C/s). 
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Additionally, it seems that the changing processing parameters do not significantly 

affect this material in terms of conductivity and leakage. 

Figure 40: Leakage current density vs. applied DC electric field of BMN-NN thin films. 

It must be noted that measurements were not possible for one film in the BMN-BNT 

system (Tcryst. = 680°C and HR = 30 °C/s), and for the BMN-NN system, all samples 

prepared at a crystallization temperature of 680°C did not exhibit measurable leakage 

current behavior. Bubbles occurred at the interface on and next to the deposited Au 

electrodes while voltage was applied for the measurement, which may be an indication 

of E-field induced water hydrolysis. [50]  
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4.4.3 Temperature-dependent PE measurements 

Figure 41 shows the temperature-dependent unipolar PE hysteresis curves for BMN-

BNT thin films, produced at a crystallization temperature of 650°C, from 20°C to 140°C, 

respectively. All different three heating rates (Figure 41 a) 1 °C/s, b) 10 °C/s and c) 

30 °C/s) show a slight increase of Pmax with increasing temperature. However, the shift 

is relatively smaller for the 1 °C/s and 30 °C/s heating rates compared to the films 

produced with a 10 °C/s heating rate. There is a noticeable decrease in the level of 

polarization as the heating rates increase. Furthermore, the W rec values remain 

relatively stable with increasing temperature for all heating rates, but the highest W rec 

values are achieved with a heating rate of 1 °C/s, as also depicted in Figure 41a). 
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Figure 41: Temperature dependent DHM of BMN-BNT with Tcryst. = 650°C. 

The temperature-dependent PE hysteresis loops for the BMN-BNT thin films produced 

at a crystallization temperature of 700°C are illustrated in Figure 42, covering a 

temperature range from 20°C to 140°C. First it can be said that the Pmax shows a slight 

increase as a function of temperature for all three heating rates. Additionally, Pmax 

increases with the rising heating rates. It's noteworthy that the highest Wrec values can 

be reached accordingly to this fact at the highest heating rate (30 °C/s). In general, it 

can be stated that this material system has favorable properties with regard to 

temperature-dependent dynamic hysteresis measurements.  



 

 57 

 

Figure 42: Temperature dependent DHM of BMN-BNT with Tcryst. = 700°C. 

Figure 43 shows the temperature-dependent PE hysteresis loop for the BMN-NN 

material system. The thin films in this Figure are produced at a crystallization 

temperature of 650°C, and are measured from 20°C to 140°C, respectively. As it can 

be seen in Figure 43 a) and b) the films show a stable behavior until 80°C, but over 

this temperature a blown-up loop appears and no significant interpretation can be 

provided anymore. This might be attributed to a thermally-activated leakage current 

mechanism that overlays the transient polarization current. Just the films produced with 

a heating rate of 30 °C/s (Figure 43 c) show a relatively stable behavior until a 

temperature of 140°C. The Wrec for this film is quite stable, but compared to the values 

in the following Figure 44 it is not the highest Wrec, which can be reached with this 

material. Therefore, a crystallization temperature of 650°C seems to be not the best 

option for achieving the highest and best properties with this material system. 
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Figure 43: Temperature dependent DHM of BMN-NN with Tcryst. = 650°C. 

As already mentioned before, Figure 44 clearly demonstrates that temperature-

dependent DHM works significantly better with the BMN-NN system at a crystallization 

temperature of 700°C for the produced films. A stable and slightly increasing behavior 

for Pmax can be found for all three heating rates (Figure 44 a) 1 °C/s, b) 10 °C/s and c) 

30 °C/s). The greatest and best properties, as well as the least shift of the temperature-

dependent loops, can be observed for the heating rate of 10 °C/s. The uniform and 

stable efficiency behavior over the temperature range should also be highlighted. 

In comparison with the other material system BMN-BNT it can be said that in general, 

the BMN-BNT material system shows higher and more promising properties with 

regard to temperature-dependent dynamic hysteresis measurements. However, BMN-

NN thin films, produced with a crystallization temperature of 700°C, also exhibit a 

positive and stable behavior. 
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Figure 44: Temperature dependent DHM of BMN-NN with Tcryst. = 700°C. 
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4.4.4 Fatigue measurements 

The cyclic fatigue measurements of the MIM capacitors realized from both material 

systems were evaluated by subjecting them to 106 unipolar cycles at an electric field 

of 500 kV/cm and a frequency of 10 kHz. For each decade of cycling, three PE 

hysteresis measurements were performed while maintaining the same settings as the 

cycling conditions (500 kV/cm, 10 kHz). This approach was used to investigate 

changes in the appearance of the PE- loops and evaluate changes in critical properties 

relevant to capacitor applications during lifetime. 

In Figure 45 all the films of the BMN-BNT material system produced at a crystallization 

temperature of 650°C are presented for cyclic fatigue measurements. In Figure 45 a) 

it can be observed that the films with a heating rate of 1 °C/s withstand 103 cycles 

before experiencing an irreversible breakdown of the dielectric. In the Figure 45 b, 

there is a slight decrease in the behavior of Pmax and Wrec values observed until a 

breakdown after 104 cycles. The last heating rate at a crystallization temperature of 

650°C demonstrates only minor continuous degradation of properties with the ongoing 

cycles, showing a high cyclic stability for a metal oxide based MIM and can be seen in 

Figure 45 c). 
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Figure 45: Fatigue measurements of BMN-BNT with Tcryst.= 650°C. 

For cyclic fatigue measurements, Figure 46 presents all films within the BMN-BNT 

material system produced at a crystallization temperature of 700°C. In Figure 46 a) a 

stable fatigue behavior and consistent Pmax can be observed up to 103 cycles. After 

this point, there is a significant decrease in the electric values (Pmax and Wrec), but no 

breakdown of the dielectric occurs. In Figure 46 b), it is evident that the film 

experiences a breakdown after 102 cycles. Similarly, in Figure 46 c), an early 

breakdown of the dielectric occurs at 103 cycles. Generally, for the BMN-BNT system, 

it can be noted that the films produced at 650°C (see Figure 45) exhibit better fatigue 

properties than the films with a Tcryst = 700°C. 
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Figure 46: Fatigue measurements of BMN-BNT with Tcryst. = 700°C. 

Fatigue test have been also done for the BMN-NN material system. In Figure 47 all 

thin films with a crystallization temperature of 650°C are shown. Regarding Figure 

47 a) it can be stated that, except for one data outlier at 10 cycles, the film sustains a 

high number of cycles until it reaches breakdown through the dielectric (106). Figure 

47 b) and also Figure 47 c) show only slight, nearly not noticeable degradation of 

properties with the consecutive cycles, indicating high cyclic stability for this material 

system. 



 

 63 

 

Figure 47: Fatigue measurements of BMN-NN with Tcryst. = 650°C. 

Figure 48 presents all the films of the BMN-NN material system produced with a 

crystallization temperature of 700°C that have undergone cyclic fatigue 

measurements. The behavior of the three different heating rates is similar. Between 

105 and 106 cycles the films underwent a dielectric breakdown. However, until this 

point, the Wrec and Pmax values are nearly unchanged, indicating no noticeable 

decrease in these values. This once again underlines the remarkable resistance of this 

BMN-NN material system to cyclic fatigue measurements and confirms its suitability 

for long-term applications and not just single-use scenarios. This robust performance 

highlights the materials durability and reliability under recurring loading conditions. 
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Figure 48: Fatigue measurements of BMN-NN with Tcryst. = 700°C. 

In Table 5, the percentage variation of the energy properties relative to cycles before 

breakdown is calculated and presented. This analysis provides valuable insight into 

the performance degradation of materials with repeated cycling and allows a 

quantitative assessment of the evolution of energy properties with prolonged use. By 

quantifying the percentage variation, a better understanding of the material's resilience 

and stability under cyclic loading conditions, allowing decisions regarding its suitability 

for long-term applications, can be made. This data is critical for optimizing material 

selection and design to ensure durability and reliability in real-world operating 

scenarios.  
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Table 5: Percentage of variation of energy storage properties for BMN-BNT and  
BMN-NN thin films. 

Material 

system 

Tcryst. 

[°C] 

Heating 

rate 

[°C/s] 

Cycles 

[] 

Wrec 

[%] 

Wtotal 

[%] 

Wloss 

[%] 

Efficiency 

[%] 

BMN-

BNT 

650 01 102 05.58 10.05 21.27 03.55 

650 10 104 10.22 17.32 32.60 05.86 

650 30 106 18.02 27.69 43.97 08.39 

700 01 103 16.45 22.54 35.19 05.31 

700 01 106 25.10 14.61 01.60 07.46 

700 10 102 12.60 26.21 48.01 11.36 

700 30 102 64.07 23.42 30.91 33.25 

BMN-

NN 

650 01 105 08.22 12.42 55.53 16.32 

650 10 106 10.44 14.11 61.79 19.48 

650 30 106 05.09 03.74 11.12 01.30 

700 01 105 20.89 37.01 89.06 45.38 

700 10 105 38.20 02.90 73.21 32.24 

700 30 104 04.26 04.37 05.10 00.10 

  



 

 66 

5 Conclusion and Outlook 

The investigation of lead-free dielectric capacitors, with a specific focus on the thin film 

systems BMN-BNT and BMN-NN, involving variations in heating rates and 

crystallization temperatures, has provided valuable insights into their process-

structure-property relationships.  

Stable precursor solutions were prepared, and both systems were successfully 

synthesized using chemical solution deposition on Pt/TiO2/SiO2/Si substrates. All the 

films exhibited perovskite phase to a certain degree and process conditions that avoid 

the presence of secondary phases were identified. The perovskite structure was 

confirmed by Raman spectroscopy and X-ray diffraction. A comprehensive 

characterization protocol, including scanning electron microscopy, and energy-

dispersive X-ray analysis, has contributed to a detailed understanding of the 

microstructural features, showing a change in nucleation and a Ti segregation at 

nanoscale, depending on processing parameters. It was discovered that the impact on 

the microstructure from different crystallization temperatures is more pronounced than 

the influence of varying heating rates. The XRD analysis revealed variations in the 

(111) peak position, suggesting the presence of secondary phases that affect the 

overall lattice constant of the measured volume, even though the material composition 

itself was not changed. These variations indicate potential deviations from phase purity 

at a very small scale, supported by the absence of distinct peaks in the spectrum 

except for the one at Tcryst. = 680°C. Electrical measurements could confirm this finding 

and showed higher leakage and/or poorer energy storage properties in films with such 

peak fluctuations. This could be attributed to the nucleation-growth behavior of the thin 

films, which is associated with the presence of a non-equilibrium phase and the specific 

characteristics of a diffusion barrier-driven process. Additionally, the nucleation 

process is significantly influenced by decomposition reactions and the annealing 

conditions.  

Additionally, electrical measurements have provided insights into the electrical 

properties of the thin films. This covered evaluating the energy storage properties 

through polarization vs. electric field hysteresis loops (bipolar and unipolar), 

understanding the temperature-dependent responses, conducting measurements on 

the behavior of leakage current density, and exploring cyclic fatigue behaviors, all 

relevant for applications. Firstly, the BMN-BNT composition (Tcryst .= 650°C and HR = 

1 °C/s) exhibited promising energy storage properties, as measured in a unipolar 

polarization vs. electric field hysteresis loop (PE loop), achieving a W rec of 

approximately 20 J/cm³ with an efficiency of 69%. Similarly, for BMN-NN (Tcryst. = 700°C 

and HR = 10 °C/s) under the same conditions, a Wrec of 13 J/cm³ and an efficiency of 

84% were obtained. In the context of leakage current density measurements, all BMN-
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NN films exhibited low leakage currents and low conductivity levels. In contrast, for 

BMN-BNT, only a few prepared films (Tcryst .= 650°C and HR = 1 °C/s also HR = 

30 °C/s)  demonstrated low leakage current density. Regarding thermal stability 

hysteresis measurements up to 140°C, the BMN-BNT materials exhibited the most 

favorable values and behavior for films with a crystallization temperature of 700°C and 

heating rates of 10 °C/s and 30 °C/s. BMN-NN exhibited unfavorable behavior for films 

with a crystallization temperature of 650°C. However, for a Tcryst of 700°C and a HR of 

10 °C/s, relatively good values were obtained, although still lower than those for the 

BMN-BNT system. On the other hand, the BMN-NN system demonstrated superior 

cyclic fatigue stability for all prepared films with a Tcryst. of 650°C, enduring up to 106 

unipolar cycles. Additionally, the thin films with Tcryst. = 700°C exhibited also good 

values although a best-case breakdown for all of them occurred around 105 unipolar 

cycles. For the BMN-BNT only one film, with a Tcryst = 650°C and a HR = 30 °C/s, 

showed promising fatigue behavior. 

The optimal conditions for the thin films depend on the specific requirements, with 

considerations for polarization vs. electric field hysteresis loops (PE loops), leakage 

current, fatigue behavior, and temperature stability. Let’s first focus on the BMN-BNT 

material system. For the PE loops and leakage current measurements, a thin film with 

a Tcryst. of 650°C and a HR of 1 °C/s appears to be a favorable choice. However, for 

fatigue behavior, although Tcryst. of 650°C is still preferred, a higher heating rate yields 

better properties. Temperature stability is maintained across all BMN-BNT films, but 

the best overall properties are observed for Tcryst. = 700°C with HR = 10 °C/s and  

HR = 30 °C/s. In BMN-NN thin films, the most promising candidate for PE loops, 

leakage, and temperature-dependent measurements is the specimen with a Tcryst. of 

700°C and a HR of 10 °C/s. This particular film exhibits standout performance across 

these crucial parameters. One last thing to note is that better stability is evident in the 

fatigue measurements of BMN-NN produced with a Tcryst. of 650°C. 

In general, the observed variations in the process parameters have proven to 

significantly impact both, the microstructure and the electrical properties. The interplay 

between these structural characteristics and electrical behavior underscores the 

necessity for a further investigation of processing conditions to achieve tailored 

material properties. The materials will undergo further analysis, and research will be 

conducted, exploring compositions in a range around the investigated composition of 

this thesis. These discovered values for the crystallization temperature and heating 

rate provide a solid foundation for future investigations and serve as valuable 

references for various applications and measurements of BMN-based material 

systems. The proposed application scenarios for the fabricated materials, such as 

BMN-BNT for energy storage capacitors in non-cyclic applications such as peak power 

balancing in IoT systems and BMN-NN for cyclic applications in IoT or cell phones, 
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demonstrate a strategic use of advanced materials to meet specific performance 

requirements in different technology areas. By tailoring materials to the particular 

requirements of different applications, such as optimizing energy storage capacity and 

durability in non-cyclic scenarios versus prioritizing cyclic stability and efficiency in 

mobile devices, these strategies demonstrate a nuanced understanding of material 

properties and their practical implications. This targeted approach not only improves 

the overall functionality and efficiency of devices, but also emphasizes the importance 

of material innovation in advancing technological capabilities in various fields. 
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