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Abstract 

The downscaling of ferroelectric materials toward the nanometer and atomic limits is 

fundamentally constrained by depolarizing fields, which destabilize polarization, suppress 

switchability, and limit retention in ultrathin films. This thesis explores an alternative screening 

strategy based on organic molecular layers, focusing on para-aminobenzoic acid (pABA) as a 

molecular electrode capable of dynamically compensating polarization charge through its 

chemically resonant electronic structure. The central idea is that such molecules can mitigate 

depolarizing fields more effectively than conventional surface adsorbates, while preserving fast 

switching dynamics and enabling stable ferroelectric functionality at thicknesses inaccessible to 

traditional electrode configurations. 

The thesis begins by establishing the physical framework governing ferroelectricity in the 

finite-size limit, emphasizing the increasing dominance of depolarizing fields and interface effects 

as film thickness is reduced. It motivates the use of molecular screening as a distinct route to 

stabilize polarization and domain retention and situates this approach within the broader context 

of ferroelectric tunnel junctions, where both ultrathin barriers and robust switchability are 

essential. 

To provide a reliable structural foundation for the subsequent functional studies, the growth 

of epitaxial BaTiO₃ (BTO)/SrRuO₃ (SRO) heterostructures is optimized using Radio Frequency 

(RF)-sputtering. By correlating deposition parameters with surface morphology and growth 

modes, conditions are identified that enable smooth, uniform, and reproducible ultrathin films.  

The switching dynamics of ferroelectric thin films are next investigated by comparing 

polarization reversal in bare and pABA-functionalized BTO using Piezoresponse Force 



Microscopy (PFM). The results demonstrate that pABA significantly enhances switching 

performance, enabling stable domain writing at substantially higher scan speeds. This behavior 

indicates that molecular screening by pABA adapts rapidly to polarization reversal, outperforming 

atmospheric adsorbates whose slow redistribution limits switching dynamics. 

Building on these findings, the role of molecular screening is extended to the ultrathin 

regime, where conventional surface and electrode screening fail to stabilize switchable 

polarization. For BTO films approaching and falling below the critical thickness, pABA 

functionalization is shown to restore stable polarization reversal and retention, even when bare 

films exhibit rapid back-switching or complete loss of ferroelectric response. These results 

demonstrate that molecular electrodes not only accelerate switching but also reduce the minimum 

thickness required for robust ferroelectric functionality. 

Finally, the stabilization of polarization by molecular screening is further corroborated 

through polarization-dependent tunneling measurements in few-unit cell BTO films. In 2-unit cell-

thick films, pABA functionalization enables bistable polarization states that give rise to clear and 

reproducible tunneling electroresistance, confirmed through both local Conductive Atomic Force 

Microscopy (CAFM) and macroscopic current–voltage measurements. The observed resistance 

contrast arises from polarization-controlled modulation of the tunneling barrier, demonstrating that 

molecular screening provides a viable pathway toward functional ferroelectric tunnel junctions at 

the atomic scale. 

Overall, this thesis establishes pABA molecular layers as effective, fast, and adaptable 

screening agents that simultaneously enhance switching dynamics and stabilize polarization in the 

ultrathin limit. By bridging fundamental ferroelectric physics and molecular interface engineering, 



this work demonstrates how molecular electrodes can overcome depolarization-driven limitations 

in ultrathin ferroelectric films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  



Resumen 

La miniaturización de los materiales ferroeléctricos hasta los límites nanométrico y 

atómico está fundamentalmente limitada por los campos despolarizantes, que desestabilizan la 

polarización, suprimen la capacidad de invertir la polarización y restringen la retención en 

películas ultrafinas. Esta tesis explora una estrategia alternativa de apantallamiento basada en 

capas moleculares orgánicas, centrada en el ácido para-aminobenzoico (pABA) como electrodo 

molecular capaz de compensar dinámicamente la carga de polarización mediante su estructura 

electrónica químicamente resonante. La idea central es que este tipo de moléculas puede mitigar 

los campos despolarizantes de forma más eficaz que los adsorbatos superficiales convencionales, 

manteniendo al mismo tiempo una dinámica de inversión de la polarización rápida y permitiendo 

una funcionalidad ferroeléctrica estable en espesores inaccesibles para configuraciones de 

electrodos tradicionales. 

La tesis comienza estableciendo el marco físico que gobierna la ferroelectricidad en el 

límite de tamaño finito, destacando el dominio creciente de los campos despolarizantes y de los 

efectos de interfaz a medida que se reduce el espesor de la película. Se motiva el uso del 

apantallamiento molecular como una vía diferenciada para estabilizar la polarización y la retención 

de dominios, y se sitúa este enfoque dentro del contexto más amplio de las uniones túnel 

ferroeléctricas, donde son esenciales tanto las barreras ultrafinas como una inversión de la 

polarización robusta. 

Con el fin de proporcionar una base estructural fiable para los estudios funcionales 

posteriores, se optimiza el crecimiento de heteroestructuras epitaxiales de BaTiO₃ (BTO)/SrRuO₃ 

(SRO) mediante pulverización catódica por radiofrecuencia (RF-sputtering). Al correlacionar los 



parámetros de deposición con la morfología superficial y los modos de crecimiento, se identifican 

condiciones que permiten obtener películas ultrafinas lisas, uniformes y reproducibles. 

A continuación, se investigan las dinámicas de inversión de polarización de películas 

ferroeléctricas comparando la inversión de polarización en BTO nativo y funcionalizado con 

pABA mediante microscopía de fuerza piezoeléctrica (PFM). Los resultados demuestran que el 

pABA mejora significativamente la capacidad para invertir rápidamente la polarización, 

permitiendo la escritura estable de dominios a velocidades de barrido sustancialmente más altas. 

Este comportamiento indica que el apantallamiento molecular proporcionado por el pABA se 

adapta rápidamente a la inversión de polarización, superando a los adsorbatos atmosféricos cuya 

redistribución lenta limita la dinámica de conmutación. 

A partir de estos resultados, el papel del apantallamiento molecular se extiende al régimen 

ultrafino, donde los mecanismos convencionales de apantallamiento superficial y de electrodo no 

logran estabilizar una polarización conmutable. Para películas de BTO cercanas o por debajo del 

espesor crítico, se demuestra que la funcionalización con pABA restablece una inversión de 

polarización estable y una buena retención, incluso cuando las películas no-funcionalizadas 

presentan una pérdida completa de la capacidad para invertir la polarización o incluso dejan de 

presentar respuesta ferroeléctrica. Estos resultados muestran que los electrodos moleculares no 

solo aceleran la inversión de la polarización, sino que también reducen el espesor mínimo 

requerido para una funcionalidad ferroeléctrica robusta. 

Finalmente, la estabilización de la polarización mediante apantallamiento molecular se 

corrobora mediante medidas de túnel dependientes de la polarización en películas de BTO de pocos 

parámetros de red. En películas de dos celdas unidad de espesor, la funcionalización con pABA 

permite la existencia de estados de polarización biestables que dan lugar a una electroresistencia 



túnel clara y reproducible, confirmada tanto mediante microscopía de fuerza atómica conductiva 

(CAFM) local como mediante medidas macroscópicas corriente–voltaje. El contraste de 

resistencia observado se origina en la modulación de la barrera de túnel controlada por la 

polarización, demostrando que el apantallamiento molecular constituye una vía prometedora hacia 

uniones túnel ferroeléctricas funcionales a escala atómica. 

En conjunto, esta tesis establece las capas moleculares de pABA como agentes de 

apantallamiento eficaces, rápidos y adaptables, que mejoran simultáneamente la dinámica de 

conmutación y estabilizan la polarización en el límite ultrafino. Al conectar la física fundamental 

de la ferroelectricidad con la ingeniería de intercaras moleculares, este trabajo demuestra cómo los 

electrodos moleculares pueden superar las limitaciones impuestas por los campos despolarizantes 

en películas ferroeléctricas ultrafinas. 

 

 

 

 

 

 

 

 

 



 

 

 

 

  



Resum 

La miniaturització dels materials ferroelèctrics fins als límits nanomètric i atòmic està 

fonamentalment limitada pels camps despolaritzants, que desestabilitzen la polarització, en 

redueixen la capacitat d'invertir la polarització i en limiten la retenció en pel·lícules ultrafines. 

Aquesta tesi explora una estratègia alternativa d’apantallament basada en capes moleculars 

orgàniques, centrada en l’àcid para-aminobenzoic (pABA) com a elèctrode molecular capaç de 

compensar dinàmicament la càrrega de polarització mitjançant la seva estructura electrònica 

químicament ressonant. La hipòtesi central és que aquestes molècules poden mitigar els camps 

despolaritzants de manera més eficient que els adsorbats superficials convencionals, tot preservant 

una dinàmica de inversió de polarització ràpida i permetent una funcionalitat ferroelèctrica estable 

a gruixos inaccessibles per a configuracions d’elèctrodes tradicionals. 

La tesi s’inicia establint el marc físic de la ferroelectricitat en el límit de mida finita, 

destacant el paper creixent dels camps despolaritzants i dels efectes d’interfície a mesura que es 

redueix el gruix de la pel·lícula. Es justifica l’ús de l’apantallament molecular com una via 

diferenciada per estabilitzar la polarització i la retenció de dominis, i es contextualitza aquest 

enfocament dins l’àmbit de les unions túnel ferroelèctriques, on són essencials tant les barreres 

ultrafines com una commutació robusta. 

Per proporcionar una base estructural sòlida als estudis funcionals posteriors, s’optimitza 

el creixement d’heteroestructures epitaxials de BaTiO₃ (BTO)/SrRuO₃ (SRO) mitjançant 

pulverització catòdica per radiofreqüència (RF-sputtering). Mitjançant la correlació dels 

paràmetres de deposició amb la morfologia superficial i els modes de creixement, s’identifiquen 

condicions que permeten obtenir pel·lícules ultrafines llises, uniformes i reproduïbles. 



La dinàmica de commutació de les pel·lícules ferroelèctriques s’analitza comparant la 

inversió de polarització en BTO sense funcionalitzar i en BTO funcionalitzat amb pABA 

mitjançant microscòpia de força piezoelèctrica (PFM). Els resultats mostren que el pABA millora 

significativament el comportament de commutació, permetent l’escriptura estable de dominis a 

velocitats d’escaneig substancialment més elevades. Aquest fet indica que l’apantallament 

molecular del pABA s’adapta ràpidament a la inversió de polarització, superant les limitacions 

dels adsorbats atmosfèrics, la redistribució lenta dels quals frena la dinàmica de commutació. 

Aquest efecte s’estén al règim ultrafí, on els mecanismes convencionals d’apantallament 

superficial i d’elèctrode no aconsegueixen estabilitzar una polarització commutable. En pel·lícules 

de BTO properes o per sota del gruix crític, la funcionalització amb pABA restableix una inversió 

de polarització estable i una bona retenció, fins i tot quan les pel·lícules sense funcionalitzar 

presenten retrocommutació ràpida o una pèrdua completa de la resposta ferroelèctrica. Aquests 

resultats demostren que els elèctrodes moleculars no només acceleren la commutació, sinó que 

també redueixen el gruix mínim necessari per a una funcionalitat ferroelèctrica robusta. 

Finalment, l’estabilització de la polarització mitjançant apantallament molecular s’ha 

confirmat mitjançant mesures de túnel dependents de la polarització en pel·lícules de BTO de 

poques cel·les unitat. En pel·lícules de dues cel·les unitat de gruix, la funcionalització amb pABA 

permet l’existència d’estats de polarització bistables que donen lloc a una electroresistència túnel 

clara i reproduïble, confirmada tant per microscòpia de força atòmica conductiva (CAFM) com 

per mesures macroscòpiques corrent–tensió. El contrast de resistència observat s’origina en la 

modulació de la barrera de túnel controlada per la polarització, demostrant que l’apantallament 

molecular constitueix una via viable cap a unions túnel ferroelèctriques funcionals a escala 

atòmica. 



En conjunt, aquesta tesi estableix que les capes moleculars de pABA són agents 

d’apantallament eficients, ràpids i adaptables, que milloren la dinàmica de commutació i 

estabilitzen la polarització en el límit ultrafí. En connectar la física fonamental de la 

ferroelectricitat amb l’enginyeria d’interfícies moleculars, aquest treball demostra com els 

elèctrodes moleculars poden superar les limitacions imposades pels camps despolaritzants en 

pel·lícules ferroelèctriques ultraprimes. 
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1 Introduction 

This Chapter begins by introducing the fundamental aspects of ferroelectricity, and the 

physical parameters governing ferroelectric behavior. The discussion then advances toward 

ferroelectrics in the finite-size limit, where reducing the physical dimensions of the system 

enhances the role of interfaces and makes depolarizing fields increasingly significant. The Chapter 

then provides an overview of the evolution of atomic force microscopy–based techniques—from 

their initial use in imaging ferroelectric domains to their development as tools for writing and 

manipulating domains, where the impact of depolarizing fields on the lifetime of written domains 

becomes a central consideration. Conventional screening mechanisms for compensating 

depolarizing fields are briefly revisited, followed by the introduction of an alternative approach 

employing organic molecules with resonance structures for efficient charge screening. Finally, the 

Chapter outlines how this concept provides the basis for the present thesis, which aims to 

investigate the role of such molecular screening in enhancing switching dynamics and polarization 

stability in ultrathin ferroelectric films—an essential prerequisite for realizing functional 

ferroelectric tunnel junctions, whose principles are discussed at the end of the Chapter. 
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1.1 Ferroelectricity 

Ferroelectric materials are characterized by spontaneous electric polarization that can be 

reversed by an external electric field once the field exceeds the coercive value Ec. In thermal 

equilibrium, polarization (P) can exist in two equivalent orientations +P and -P, corresponding to 

energetically degenerate stable states. This bistability is reflected in the typical hysteretic behavior 

of the polarization–electric-field (P-E) or displacement current–electric field (D-E) curves, which 

reflects the reversible switching between thermodynamically stable polarization states. Such 

intrinsic hysteresis distinguishes true ferroelectrics from non-crystalline electrets, in which charge 

alignment is metastable and arises from trapped charges rather than from an equilibrium 

ferroelectric phase. At the atomic level, ferroelectricity arises from ions displaced within a double-

well potential, where the two minima represent the opposite polarization states of a local dipole. 

In perovskite oxides such as BaTiO₃ (BTO), for instance, the Ti⁴⁺ ion shifts from the 

centrosymmetric position, generating an electric dipole moment. Below the Curie temperature Tc, 

a non-centrosymmetric lattice configuration is stabilized in which the dipoles align cooperatively 

to form ferroelectric domains. Above Tc, thermal fluctuations restore centrosymmetry, and the  

spontaneous polarization vanishes, resulting in a paraelectric phase. The macroscopic description 

of these phenomena was developed through the Landau theory of phase transitions (1937)1 and its 

specific application to ferroelectrics by Devonshire (1949).2 In this framework, the Helmholtz free 

energy F (P,T,E) is expanded as a power series in the order parameter —the polarization P, and A, 

B, and C are coefficients: 

𝐹(𝑃, 𝑇, 𝐸) = −𝐸𝑃 + 𝑐 + 𝐴𝑃2 + 𝐵𝑃4 + 𝐶𝑃6                                                                                             (1.1) 

Coefficient A takes the form of: 
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 𝐴(𝑇) = 𝐴0(𝑇 − 𝑇𝐶),                                                                                                                                 (1.2) 

and that the other coefficients are independent of temperature. It should be noted that the Curie 

temperature is not necessarily equal to phase transition temperature T0. This distinction arises in 

first-order ferroelectric transitions, where the polarization changes discontinuously and the system 

exhibits thermal hysteresis, whereas in second-order transitions, Tc and T0 coincide and the change 

in polarization is continuous. The equilibrium polarization corresponds to the minimum of F with 

respect to P. If B > 0, the coefficient C can be neglected and the transition is continuous (second-

order), while for B < 0 transition is first-order, involving a discontinuous jump in polarization. The 

evolution of the free energy potential with temperature, illustrated in Fig. 1.1, shows how the wells 

become progressively shallower as the system approaches the Curie temperature, eventually 

merging into a single minimum above Tc. This transition corresponds to the disappearance of 

spontaneous polarization and marks the transformation from the ferroelectric to the paraelectric 

phase.3–5 

 

Figure 1.1 Temperature dependence of the Landau–Devonshire free energy potential for ferroelectrics. (a) 

a second-order and (c) a first-order ferroelectric phase transition. Spontaneous polarization as a function 

of temperature showing a continuous change for second-order transition (b) and abrupt change at Tc for 

first-order transition (d). Adapted from Ref [5]. 

 

a) c) b) d) 
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1.2 Ferroelectric films: finite size effects and emergence of depolarization 

fields  

 The emergence of ferroelectricity originates from collective off-center ionic 

displacements, arising from the competition between long-range dipole–dipole Coulomb 

interactions and short-range covalent repulsions.6 Ferroelectric materials are therefore highly 

sensitive to electromechanical boundary conditions because of the long-range nature of their 

electrostatic and mechanical (strain) interactions and, as the physical dimensions of a system are 

reduced, the ratio of surface or interface atoms to those in the bulk increases, making surface 

effects on bulk ferroelectric behavior unavoidable.6,7 When the spontaneous polarization is 

oriented normal to the film surface, uncompensated surface charges can accumulate at the 

interfaces. If these charges are not screened, they give rise to an internal depolarizing field (Ed), 

which opposes spontaneous polarization. The presence of this field makes it energetically 

unfavorable for the system to maintain a uniform polarization state, often leading to the formation 

of ferroelectric domains as a means of minimizing electrostatic energy. The strength of the 

depolarizing field scales inversely with the film thickness; hence, thinner films experience stronger 

depolarizing effects that can suppress or even eliminate ferroelectricity altogether.5 A theoretical 

study by Batra and Silverman (1972)8 demonstrated that the polar state of a ferroelectric thin film 

between semiconducting electrodes with incomplete screening is unstable below a critical 

thickness of 400 nm, while this instability occurs at much smaller thicknesses when metal 

electrodes are used. Building on this, Tilley and Žekš9 analyzed how the polarization P(z) varies 

spatially across the film thickness and how this non-uniformity affects the transition temperature 

T0. Their analysis showed that T0 decreases relative to the bulk value approximately in proportion 
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to 1/d, and that below a critical thickness, ferroelectricity ceases to be a stable thermodynamic 

phase.  

The thermodynamic behavior of ferroelectric thin films is also strongly influenced by 

mechanical boundary conditions, owing to the tight coupling between polarization and elastic 

strain. In the 1990s, several studies demonstrated that mechanical clamping of the film by the 

substrate can profoundly modify the order parameters—namely, the polarization components—

through the imposition of biaxial (2D) strain.10,11 The substrate material and film thickness 

therefore serve as powerful parameters for tuning internal stress and, consequently, the 

ferroelectric and dielectric properties of the film. For instance, Choi  et al.,12 demonstrated that 

homogeneous misfit strain can be precisely controlled in epitaxial BTO films, enabling strain-

engineering that enhances the spontaneous polarization beyond the bulk value. Furthermore, 

theoretical studies incorporated homogeneous epitaxial strain—arising from substrate–film lattice 

mismatch—into the Landau free energy formalism. Their analysis produced temperature–misfit 

strain phase diagrams, revealing the existence of “epitaxial phases” that are thermodynamically 

stable only under strain, and not in bulk ferroelectric crystals.13,14 

 

1.3 Ferroelectric domains: atomic probe–based visualization and control  

As discussed earlier, in a ferroelectric crystal, the spontaneous polarization does not 

necessarily remain uniform throughout the entire sample but often divides into regions of uniform 

polarization orientation, known as domains, separated by domain walls. Each domain represents a 

region where dipoles are aligned coherently in a specific direction corresponding to one of the 

free-energy minima. The formation of such domains minimizes the system’s total energy by 
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balancing electrostatic, elastic, and gradient contributions. In thin films, the polarization 

configuration can range from a nearly monodomain state—where the entire film is uniformly 

polarized—to a polydomain state, comprising regions with different polarization orientations. The 

emergence of antiparallel domain configurations commonly serves to a screen depolarizing fields 

arising from finite-size effects and imperfect charge compensation at interfaces.6 These screening 

mechanisms will be discussed in more detail in section 1.4.  

Macroscopic susceptibilities in ferroelectrics, such as dielectric, piezoelectric, and 

switching responses, are strongly governed by domain-wall motion and domain reconfiguration. 

Therefore, capturing detailed information about domain structures is crucial for understanding and 

tailoring ferroelectric performance. A comprehensive overview of domain observation techniques 

can be found in the textbook work Domains in Ferroic Crystals and Thin Films by Tagantsev et 

al.,15. Among these, Atomic Force Microscopy (AFM)–based methods have represented a major 

breakthrough. Their application to ferroelectric systems enabled nondestructive nanoscale 

visualization -and manipulation- of domain structures and allowed researchers to determine 

whether a film exhibits an average monodomain state or a polydomain configuration. Beyond 

imaging, AFM techniques have made it possible to map surface potential distributions, measure 

local electromechanical and dielectric responses, and probe polarization stability with nanometer 

precision. 

Moreover, the use of a conductive AFM tip to apply local electric fields introduced the 

ability to induce and control ferroelectric domains directly, rather than merely observing them. 

This capability is not only of fundamental interest but also of technological importance: the ability 

to reversibly switch polarization states underlies the operation of ferroelectric-based memory and 

logic devices, where information is stored in distinct polarization orientations that remain stable 
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after the external field is removed. Controlled domain writing and their reversible erasure thus 

provide a nanoscale analogue of bit manipulation in non-volatile memories, while also serving as 

a powerful model system for probing the intrinsic switching behavior of ferroelectrics. Using this 

approach, one can systematically explore whether switching is possible in a given system, identify 

the characteristic stages and kinetics of domain reversal, and evaluate the stability and retention of 

the newly written domains. These aspects of Piezoresponse Force Microscopy (PFM) are at the 

core of this thesis, and the operating principles behind them are described in Appendix A. 

 

1.3.1 Domain formation stages and polarization switching dynamics probed by PFM 

Polarization switching in ferroelectric materials is commonly described within the 

Kolmogorov–Avrami framework, as formulated by Ishibashi and Takagi16 and later extended by 

Shur17. This model treats the evolution of the ferroelectric domain structure under an applied 

electric field as a phase transformation process involving the nucleation and subsequent growth of 

reversed polarization regions. For thin films, it is generally accepted that the forward domain 

growth—along the direction of the applied electric field—is much faster than the sideways (lateral) 

growth within the film plane. However, several studies have also reported cases where the opposite 

occurs, and the forward growth becomes the rate-determining step of the switching process.18 

These two switching scenarios are schematically illustrated in Fig. 1.2. 
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Figure 1.2 Schematic illustration of polarization switching mechanisms in ferroelectric thin films through 

atomic force-based technique. (a) Nucleation and forward domain growth being the rate-limiting 

mechanism, where switching is governed by the appearance and forward propagation of domains along the 

electric field direction. (b) Sideways domain growth being the rate-limiting mechanism, where lateral 

expansion within the film plane dominates the overall switching process. Adapted from Ref [18]. 

 

A major advance in understanding polarization reversal at the nanoscale was made by 

Gruverman et al.,19 who performed direct studies of domain switching dynamics in ferroelectric 

thin films using PFM combined with pulsed electrical excitation. Their pump-probe experimental 

approach allowed sequential imaging of intermediate domain configurations during switching, 

enabling the evaluation of domain wall motion in both the forward (through-thickness) and lateral 

(in-plane) directions. By correlating the transient evolution of the PFM amplitude and phase 

signals with the applied voltage pulses, they were able to extract the characteristic times of domain 

nucleation, forward propagation, and lateral expansion. Analysis of the switched area as a function 

of time showed that the Kolmogorov–Avrami–Ishibashi (KAI) model accurately describes the 

nucleation-dominated regime of switching, while deviations at longer times reflect the transition 

to slower lateral growth. This study provided a direct experimental visualization of the multistage 
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nature of polarization reversal and established PFM as a powerful tool for correlating local 

switching kinetics with theoretical models. Representative results are shown in Fig. 1.3, illustrating 

(a) the evolution of domain configuration during switching, (b) the corresponding time dependence 

of the number of nuclei and switched area, and (c) schematic stages of domain nucleation, forward 

growth, and lateral expansion. 

 

Figure 1.3 (a, b) PFM phase and amplitude images of instantaneous domain configurations and the 

corresponding temporal evolution of nucleation and switched area during polarization reversal in a 3 × 3 

µm² Pb(Zr,Ti)O3 capacitor, adapted from Ref [19]. (c) Schematic illustration of the domain switching 

process, showing successive stages of nucleation, forward domain growth through the film thickness, and 

lateral expansion within the film plane, adapted from Ref [7].  

 

a) 

c) 

b) 
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1.3.2 Influence of depolarization fields on domain retention 

An equally important aspect of ferroelectric behavior, besides the domain formation stages 

and kinetics of domain wall motions, concerns the stability of the written domains. Long-term 

persistence of the switched state is governed by different physical mechanisms, among which 

depolarizing fields play a central role. These internal electric fields, arising from incomplete charge 

compensation at the film interfaces, can induce partial back-switching or relaxation of polarization 

over time, ultimately limiting the retention of the poled state. A seminal contribution to 

understanding such depolarization effects in ferroelectric thin films was made by Kholkin et al. 

(1997), who systematically investigated piezoelectric and dielectric aging in Pb(Zr,Ti)O₃ thin films 

and compared them with bulk ceramics.20 Using precise interferometric measurements of the 

longitudinal piezoelectric coefficient (d₃₃), they monitored its temporal evolution during and after 

poling. The d₃₃ response showed an initial rapid decay followed by a slower logarithmic relaxation 

(Fig. 1.4), attributed to back-switching of previously aligned domains driven by depolarizing 

fields. The study concluded that in thin films the strong depolarizing fields, inherent to their 

confined geometry, dominates piezoelectric relaxation. 
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Figure 1.4 Time dependence of the effective longitudinal piezoelectric coefficient d₃₃ in a Pb(Zr,Ti)O₃ thin 

film during poling and subsequent relaxation. The observed decay reflects the back-switching of previously 

aligned domains induced by internal depolarizing fields. Adapted from Ref [20]. 

 

While such macroscopic electrical measurements provided valuable averaged information 

on retention behavior, the subsequent introduction of atomic probe–based techniques, such as AFM 

and PFM, made it possible to probe these phenomena locally, at the nanoscale. Early PFM 

investigations revealed that, in addition to effects from defect pinning, trapped charges, and 

fatigue,21–23 depolarizing fields play a central role in the loss of piezoresponse over time. These 

nanoscale studies demonstrated that retention degradation may appear either as a gradual shrinkage 

of poled domains24,25 or as a reduction of the local amplitude and phase contrast in PFM images, 

arising from the formation of nanosized reverse domains below the spatial resolution of the 

probe.26 Representative examples of such depolarization-field–driven relaxation phenomena are 

shown in Fig. 1.5, where domain shrinkage, polarization back-switching and stability of switched 

regions are visualized over time using PFM. 
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Figure 1.5 PFM visualization of depolarization-field–driven relaxation and stability of written domains in 

ferroelectric thin films. (a,b) Adapted from Lichtensteiger et al.26 and Morelli et al.25 respectively. 

 

1.4 Screening mechanisms of depolarizing fields 

In the previous sections, we discussed how depolarizing fields, arising from incomplete 

charge compensation at ferroelectric interfaces, play a crucial role in determining the stability of 

polarization and retention of switched states. Their influence has been demonstrated both 

macroscopically, through piezoresponse relaxation measurements, and at the nanoscale via PFM, 

where gradual relaxation and back-switching of domains were directly visualized. Understanding 

a) b) 
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how ferroelectric systems can counteract these destabilizing fields is therefore essential for 

achieving stable and switchable polarization, especially in thin films. In ferroelectric thin films, 

several screening mechanisms—both internal and external—can operate simultaneously to 

minimize the depolarization field. These mechanisms have been comprehensively discussed and 

categorized by Kalinin et al.,27 Lichtensteiger et al.,6 and Spasojević et al.7 : 

(i) Internal screening: arises from the redistribution of mobile charge carriers or 

charged point defects within the film towards the uncompensated surfaces. This 

redistribution generates surface dipoles and induces corresponding band bending. 

Among the most common internal screening agents are ionized oxygen vacancies.28  

(ii) Electrode screening: Another important mechanism is screening by metallic 

electrodes, particularly in ferroelectric capacitor structures where the thin film is 

sandwiched between top and bottom electrodes. Ideally, metallic electrodes should 

fully compensate the bound surface charges; however, even atomically perfect 

interfaces do not provide complete screening. This imperfect screening originates 

from the finite Thomas–Fermi screening length of the metal,29 which causes a 

spatial separation between the bound polarization charge and its compensating free 

charge in the electrode.  

(iii) Domain formation represents another intrinsic mechanism for reducing 

depolarization fields. By splitting into 180° domains, a ferroelectric film can 

achieve an average surface charge close to zero, thereby minimizing the overall 

depolarizing energy. The number, size, and periodicity of these domains are 

determined by the competition between electrostatic energy, domain-wall 

formation energy, and elastic strain energy within the film.  



Page | 14 

 

(iv) External screening may occur through adsorption of environmental species, 

particularly water molecules, on the ferroelectric surface. In ambient conditions, 

water can physisorb or dissociate into hydroxyl (OH⁻) and proton/hydronium 

(H⁺/H₃O⁺) species, which subsequently chemisorb on the surface. These adsorbates 

interact strongly with the surface polarization charge, partially compensating it and 

modifying the chemical boundary conditions at the interface. 

 

1.4.1 Limitations of atmospheric adsorbates as screening agents 

External screening by atmospheric adsorbates—particularly water-related species—can 

efficiently compensate the surface bound charges of ferroelectric thin films under ambient 

conditions and, in some cases can stabilize surface polarization more effectively than electrodes 

limited by finite screening length.29 However, molecular screening mechanisms are constrained by 

both kinetics and charge capacity, which become critical during fast polarization switching and in 

ultrathin films.  

The critical writing speed for successful polarization reversal and the stability of written 

ferroelectric domains are strongly influenced by environmental humidity, which directly governs 

the density and mobility of adsorbed water molecules on the surface. Experimental studies have 

shown that at low humidity levels, the critical writing speed decreases markedly, meaning that 

stable polarization switching becomes increasingly difficult to achieve.30 This behavior originates 

from two concurrent factors: (i) the reduced surface coverage of polar water species, which 

diminishes the total available screening charge, and (ii) the finite reorientation time associated with 

molecular dipole adjustment upon polarization reversal. The resulting transient depolarizing field 
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can drive partial back-switching or incomplete domain stabilization, effectively limiting the 

achievable switching speed in ambient environments.  

In the ultrathin regime, these limitations are exacerbated because the available charge from 

atmospheric adsorbates is insufficient to compensate the bound charge density, leading to large 

residual depolarizing fields, diminishing the polarization retention times, and ultimately 

constraining the thickness range over which stable switchable polarization can be achieved under 

ambient screening alone.   

 

1.4.2 Organic molecules with resonance structures as efficient screening agents 

While atmospheric adsorbates such as water-related species can partially compensate 

depolarizing fields in ferroelectric thin films, their ability to provide sufficient and stable charge 

compensation is inherently limited by slow molecular reorientation and incomplete dipole reversal. 

These deficiencies motivated the exploration of more robust screening strategies capable of 

delivering stable and bidirectional compensation of polarization charges. Among these, organic 

molecules possessing resonance-stabilized structures have emerged as promising candidates due 

to their intrinsic charge delocalization and tunable electronic properties.  

Among various molecular candidates, para-aminobenzoic acid (pABA) is a particularly 

attractive system. The amino (–NH₂) group in pABA acts as an electron donor, capable of coupling 

its lone electron pair with the benzene ring and further with the lone electron pairs of the oxygen 

atoms in the carboxylic (–COOH) group. This intramolecular delocalization enables electrons to 

be distributed across the entire molecular backbone, resulting in a resonance structure that can 

flexibly redistribute charge across the molecule structure.31,32 Schematics of electronic 
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configurations of some of the chemical resonance structures of pABA molecules are shown in Fig. 

1.6.  

 

Figure 1.6 Some resonance structures of pABA aromatic molecule. The  –NH2 group is an electron donor 

able to couple its lone electron pair with the high electron density of benzene ring and further with lone 

electron pairs of oxygen atoms in the carbonyl (C=O) group and the -OH group of the carboxylic (COOH) 

substituent, giving rise to the resonance hybrid structure. Adapted from Ref [31]. 

 

Before its introduction into ferroelectric systems, pABA was employed in perovskite solar 

cells as an interfacial modifier between oxide transport layers and methyl-ammonium lead halide 

perovskites. Chemisorption of its carboxyl group onto metal-oxide surfaces such as TiO₂ or ZnO 

improves interfacial contact, passivates surface defects, and facilitates charge transfer across the 

junction. These effects collectively suppress interfacial recombination and enhance carrier 

extraction, leading to improved device performance and stability.33,34 Building upon these 

interfacial properties, Spasojević et al.32 first proposed coupling pABA molecules with 

ferroelectric thin films to harness their resonance-driven charge redistribution as an efficient 

mechanism for screening polarization charges. In their work on BTO films, the pABA molecular 
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layer was found to interact with the surface polarization, providing bidirectional screening for 

upward and downward polarization states. Fourier Transform Infrared Spectroscopy (FT-IR) 

revealed that pABA molecules chemically attach to the BTO surface through an ester-like 

monodentate linkage between one oxygen atom of the carboxylic group and a surface Ti⁴⁺ site—

consistent with previous adsorption studies on TiO₂ surfaces.34 This bonding configuration 

preserves the conjugated π-system of the aromatic ring, enabling dynamic redistribution of electron 

density between the amino group and carboxyl terminus upon polarization reversal, without 

requiring any molecular reorientation on the surface. As a result, the molecular layer can stably 

screen both polarization directions and effectively suppress depolarizing fields in ferroelectric 

films. 

Based on the fact that this molecular screening mechanism relies on the fast internal 

redistribution of delocalized electrons—rather than the slower dipole reorientation typical of 

atmospheric adsorbates—this thesis explores two key aspects of pABA-functionalized (BTO) 

ferroelectric thin films.  

(i) First, we investigate whether the presence of pABA molecules can promote faster 

polarization switching dynamics compared to bare BTO films (i.e., films exposed to ambient 

atmospheric conditions without molecular modification), focusing on relatively thick films where 

depolarizing fields are not expected to dominate the polarization stability.  

(ii) Second, we examine whether the incorporation of pABA onto ultrathin BTO films, with 

thicknesses below the critical limit for stable ferroelectricity, can enhance polarization retention 

and mitigate depolarizing field effects, thereby enabling robust and long-lasting switchable 

polarization states at lower critical thickness than with atmospheric adsorbates. As I will show, it 

is indeed possible to achieve stable monodomain polarization in ultra-thin BTO thin films whose 
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surface is functionalized with pABA. In turn, the stability of monodomain polarization in the 

ultrathin regime allows exploring tunnelling electrorresistive functionality. 

 

1.5 Ferroelectric tunnel junctions  

Ever since observation of bistable switching phenomena in ferroelectric thin films, these 

materials have been proposed as candidates for non-volatile memories.3 Ferroelectricity persisting 

down to sub-nanometer scale thicknesses opens a possibility to further miniaturize electronic 

devices, particularly as tunnel barriers in metal–ferroelectric–metal (M–FE–M) junctions.35 Early 

studies by Contreras et al. demonstrated that electrical resistance in M-FE-M junctions with 

ultrathin barriers depends on the orientation of the ferroelectric polarization.36 In their studies, 

current–voltage (I–V) characteristics of the M-FE-M junctions involving a 6-nanometer-thick 

Pb(Zr0.52Ti0.48)O3 barriers exhibited reproducible resistive switching events at well-defined electric 

fields.  These changes in conductance were attributed to polarization reversal within the barrier 

and the resulting modulation of tunneling transport. An example of such polarization-induced 

resistive switching behavior is presented in Fig. 1.7.  
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Figure 1.7 I –V characteristic of M-FE-M tunnel junction with a 6-nm-thick PbZr0.52Ti0.48O3 as FE 

barrier layer, showing a resistive switching behavior. Image is adapted from Ref [36]. 

 

Building on these observations, Tsymbal and co-workers developed a theoretical model 

incorporating the finite screening of polarization charges in metallic electrodes and quantum-

mechanical tunneling across the ferroelectric layer.37 Their analysis proposes that the so-called 

tunneling electroresistance arises from the modulation of the electrostatic potential profile across 

the barrier upon polarization reversal. The polarization-dependent redistribution of screening 

charges at the interfaces modifies the average barrier height experienced by tunneling electrons, 

thereby generating distinct conductance states corresponding to the two polarization orientations. 

This polarization-dependent modulation of the tunneling conductance can be understood 

intuitively by examining how the ferroelectric polarization alters the electrostatic potential 

landscape across the junction. To illustrate this effect, we consider a ferroelectric layer sandwiched 

between two dissimilar metallic electrodes with unequal screening capabilities: 
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At the surface of a ferroelectric barrier, bound polarization charges accumulate depending 

on the orientation of the spontaneous polarization. These charges attract or repel free carriers in 

the adjacent electrode, producing an electrostatic potential step at the ferroelectric/electrode 

interface. Because charge compensation in real metals is not perfect, the screening of polarization 

charges occurs over a finite distance, determined by the Thomas–Fermi screening length, which 

depends on the carrier density at the Fermi level. As a result, a finite depolarizing field persists 

inside the ferroelectric layer, leading to a polarization-dependent modification of the electrostatic 

potential profile across the junction. When polarization points toward the better-screening 

electrode (with the shorter screening length), the imperfect compensation of polarization charge at 

that bottom interface produces a potential profile that tilts upward, increasing the average tunnel 

barrier height (Φ+) and leading to a low-conductance (high-resistance/OFF) state (Fig. 1.8a-right). 

Conversely, when the polarization is reversed to point toward the less efficient electrode, the 

electrostatic potential reverses its asymmetry, decreasing the average barrier height (Φ-) and 

yielding a high-conductance (low-resistance/ON) state (Fig. 1.8a-left). Because the tunneling 

current depends exponentially on the barrier height and width, even modest polarization-induced 

changes in the interfacial potential can produce orders-of-magnitude variations in conductance—

a phenomenon known as the tunneling electroresistancre effect.38 Although the archetypal model 

assumes electrodes with unequal screening capabilities, structural or chemical asymmetries at the 

ferroelectric interfaces can produce a similar modulation of the potential profile.39,40  
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Figure 1.8 a) Schematic illustration of the tunneling electroresistance effect in a ferroelectric tunnel 

junction. The ferroelectric (FE) barrier is sandwiched between two metallic electrodes (BE and TE) with 

different screening efficiencies. (Left) When polarization points toward the better-screening electrode (TE), 

imperfect charge compensation results in a higher average barrier height (Φ+), yielding a low-conductance 

(high-resistance) state. (Right) Reversal of polarization toward the less efficient electrode (BE) inverts the 

potential asymmetry, producing a lower average barrier height (Φ-) and a high-conductance (low-

resistance) state. b) Transport mechanisms through an ultrathin ferroelectric barrier, involving direct 

tunneling (DT), Fowler–Nordheim tunneling (FNT), and thermionic injection (TI). (a,b) Adapted from Ref 

[39]. 

 

Following the early demonstration of polarization-dependent tunneling currents, Pantel and 

Alexe41 developed a more comprehensive framework describing charge transport across metal–

ferroelectric–metal junctions. Recognizing that purely direct tunneling could not account for all 

observed current–voltage characteristics in ultrathin ferroelectric barriers, they incorporated three 

coexisting transport processes—direct tunneling, Fowler–Nordheim tunneling (FNT), and 

thermionic injection. In their analysis, the FNT process was described as an extension of direct 

tunneling into the high-field regime, where electrons traverse the triangular portion of the barrier 

once the applied bias significantly tilts the potential profile. Consequently, as in direct tunneling, 



Page | 22 

 

the average barrier height remains the key factor governing current modulation by polarization 

reversal. In contrast, thermionic injections refer to charge transport by carriers that overcome the 

potential barrier through thermal excitation rather than quantum tunneling. The effective barrier 

height in this case is reduced by image-force lowering, a phenomenon known as the Schottky 

effect. As a result, the thermionic current is highly sensitive to both the bias polarity and the 

polarization-dependent barrier height at the injecting interface. In this regime, one polarization 

orientation does not necessarily correspond to a uniformly higher conductance for both voltage 

polarities. Depending on which interface dominates carrier injection, the system can exhibit either 

positive or negative electroresistance ratios. Schematics of these three transport regimes—direct 

tunneling, Fowler–Nordheim tunneling, and thermionic injection—are illustrated in Fig. 1.8b. 

Crucial to any of the discussed ferroelectric electroresistance schemes, is the need to have 

two distinct homogeneous polar states. As we have also shown in this thesis, such requirement is 

difficult to meet in the ultra-thin regime, where depolarization fields can lead to loss of 

ferroelectricity or a breakdown into polydomain states where the net polarization is zero. Since 

pABA layers are expected to have higher screening efficiencies and thus have the potential to 

stabilize monodomain ferroelectricity down to lower critical thicknesses, in the final part of this 

thesis, we extend the investigation of organic–ferroelectric hybrid systems into the regime of 

ferroelectric tunnel junctions. To experimentally probe tunneling electroresistance in these 

molecularly functionalized ultrathin films, we employed Conductive Atomic Force Microscopy 

(CAFM) for nanoscale current mapping and local I–V spectroscopy, complemented by preliminary 

attempts to measure macroscopic devices fabricated from similar heterostructures. Specifically, 

we examine whether the molecular functionalization strategy introduced earlier—using pABA 

organic molecules—can enable stable and switchable polarization states in BTO films with unit 
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cell-scale thickness, where electron tunneling is expected to become the dominant transport 

mechanism. 
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2 Growth optimization of BaTiO3/SrRuO3  heterostructures 

Achieving reliable ferroelectric functionalities in thin films critically depends on the 

structural and morphological quality established during growth. Since parameters such as power, 

background pressure, temperature, and deposition rate play an interconnected role in determining 

adatom mobility, nucleation behavior, and interface coherence, these factors ultimately govern the 

transition from rough, three-dimensional islanded surfaces to uniform 2D layers.  The quality of 

these films directly dictates the ferroelectric functionalities explored in later Chapters. In this 

Chapter, we therefore focus on the systematic optimization of growth conditions for 

BaTiO3/SrRuO₃ (BTO/SRO) heterostructures, as a necessary foundation for achieving controlled 

switching dynamics, robust ferroelectric polarization retention in the ultrathin regime, and 

ultimately reliable tunneling electroresistance at the atomic scale. 
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2.1 Introduction 

The growth of high-quality oxide thin films via physical vapor deposition methods depends 

critically on a set of fundamental parameters that can be controlled during deposition (such as 

substrate temperature, deposition rate, or deposition pressure).1,2 These factors are strongly 

interdependent and therefore cannot be optimized in isolation. Their interplay not only determines 

the film’s microstructure and properties but also guides the choice of the most suitable deposition 

technique for a given material system. In recent decades, several methods have been employed to 

grow complex oxide thin films, as comprehensively reviewed by Martin et al.3  Among them, 

Pulsed Laser Deposition (PLD) and Radio Frequency (RF)-sputtering have emerged as two of the 

most widely used techniques. While both can produce high-quality epitaxial films, their process 

stability and reproducibility differ, which has direct implications for systematic growth 

optimization. 

In PLD, maintaining reproducible growth conditions can be challenging because the laser 

fluence depends strongly on the condition of the excimer laser gas. The halogen donor gas is 

continuously consumed during operation, and by-products of the discharge reduce efficiency; 

therefore, periodic “refresh” injections or complete gas refills are required.4,5 These fluctuations 

make it difficult to maintain constant fluence across multiple growth runs, thereby compromising 

precise control of the growth mode. Moreover, lowering the laser energy is not always a viable 

workaround, as the optimal fluence window is substrate-dependent, due to different growth 

kinetics for different substrates. By contrast, RF-sputtering offers intrinsically higher stability and 

control. The power delivered to the target is defined electronically and can be continuously 

monitored through the DC self-bias potential,6 providing reproducible and finely tunable 

deposition conditions. This reliability makes RF-sputtering particularly well suited for systematic 



Page | 31 

 

growth optimization, where small variations in deposition parameters can be directly correlated 

with changes in film morphology and quality. 

Besides the choice of growth technique, numerous studies have demonstrated that 

deposition parameters directly influence ferroelectric characteristics. For example, tuning growth 

pressure can alter tetragonality, polarization stability, and coercive fields,7–9
 while growth energy 

and rate have been shown to affect defect dipole formation, dielectric permittivity, and overall 

functional performance.10,11 Beyond their impact on ferroelectric functionality, deposition 

parameters also govern the structural evolution of the films—determining how atoms nucleate, 

coalesce, and eventually form continuous layers. These factors control not only crystallinity but 

also surface morphology, interface quality, and reproducibility across samples. Understanding 

these growth mechanisms is therefore essential for obtaining smooth, uniform, and functionally 

reliable BTO/SRO heterostructures, which form the basis of the ferroelectric studies presented in 

later Chapters. 

In this Chapter, we focus on the growth of BTO/SRO heterostructures by RF-sputtering, 

emphasizing the optimization of deposition conditions to achieve uniform coverage, smooth 

surfaces, and high-quality interfaces. Prior strain-analysis experiments performed by PLD 

(summarized in Appendix B) established a suitable lattice-mismatch window and guided the 

selection of substrates for the present sputtering work. However, for the extensive series of growths 

required to optimize deposition parameters and growth modes, RF-sputtering was adopted to ensure 

higher stability and reproducibility, thereby avoiding issues related to gas refilling and laser-energy 

fluctuations inherent to PLD. Building upon the insights gained from the PLD studies, this Chapter 

presents a detailed investigation of how growth parameters—such as pressure, power, and 

deposition time—govern nucleation, coalescence, and film smoothness. AFM was employed to 
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examine the resulting surface topographies and to identify the transition from rough, three-

dimensional islanded growth toward smooth, two-dimensional layer-by-layer films. The optimized 

BTO/SRO heterostructures obtained under these conditions serve as the structural foundation for 

the ferroelectric analyses presented in the following Chapters. 

 

2.2 RF-sputtering: growth behavior beyond strain effects 

For the past few decades, growth of epitaxial oxide films under controlled oxygen partial 

pressure has been demonstrated.12 Precise adjustment of parameters such as substrate temperature, 

background gas composition, and RF power enables the deposition of high quality ultrathin, 

stoichiometric, and epitaxial oxide layers. Sputtering is based on the physical ejection of atoms 

from a target via momentum transfer during bombardment by energetic ions, typically Ar+. In RF-

sputtering, the plasma is sustained by a radiofrequency field, and the oscillating potential allows 

charge-neutral operation while maintaining efficient ionization. A negative bias applied to the 

target accelerates Ar+ ions toward it, initiating a collision cascade that ejects atoms with a broad 

energy distribution. To enhance the ionization efficiency, ring-shaped magnets (magnetrons) are 

employed to confine electrons near the target, thereby increasing the sputtering rate. The ejected 

species then condense on the substrate to form the thin film.3,13–15   

 

2.2.1 Growth mode of SRO: transition from island formation to layer-by-layer 

The epitaxial growth mode of thin films is governed by several factors, with the most 

critical being the thermodynamic driving force and the lattice misfit between the film and the 

substrate. The growth mode determines the nucleation process and subsequent film evolution, and 
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it has a direct impact on the resulting morphology and structural properties of the films. In the case 

of heteroepitaxial growth, three classical modes are typically observed (schematics are shown in 

Fig. 2.1) 16–18: 

• Frank–van der Merwe: layer-by-layer two-dimensional growth 

• Stranski–Krastanov: initial wetting layer formation followed by three-dimensional island 

growth 

• Volmer–Weber: direct three-dimensional island growth. 

 

Figure 2.1 Schematic illustration of the three classical thin-film growth modes: (a) Frank–van der Merwe 

(layer-by-layer), (b) Stranski–Krastanov (layer plus island), and (c) Volmer–Weber (island) growth. 

Adapted from Ref [17]. 

 

During Frank–van der Merwe (layer-by-layer) growth, a new layer ideally nucleates only 

after the completion of the one beneath it, allowing step-flow over long distances. However, even 

under this mode, the formation of two-dimensional islands or multilayered mounds (often referred 
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to as "wedding-cake" structures) can occur. The likelihood of such stable island formation depends 

strongly on the adatom supersaturation. Since the flux of adatoms arriving from the gas phase is 

spatially homogeneous, any local supersaturation and inhomogeneity must arise from constraints 

in surface diffusion. The physical origin of this effect is the Ehrlich–Schwoebel (ES) barrier: an 

additional energy barrier that impedes adatoms from descending from an upper terrace to a lower 

one, as the transition state involves reduced coordination. This barrier introduces a kinetic 

instability into the nominally layer-by-layer growth, since adatoms diffusing across the surface 

tend to accumulate at step edges rather than cross them easily.15,19–22 Previous studies have shown 

that increasing the substrate temperature can effectively reduce mound formation, as the enhanced 

adatom diffusivity helps overcome the ES energy barrier and promotes smoother step-flow 

growth.15 

In the case of Volmer–Weber (island) growth, deposition begins with adsorption of vapor 

atoms on the substrate surface, followed by the agglomeration of adatoms into spatially separated 

nuclei. These islands grow in size, eventually impinge on one another, and coalesce to form larger 

structures. With continued deposition, the remaining inter-island gaps are gradually filled. This 

growth mode is typically driven by weak film–substrate interactions, where the surface energy of 

the film/substrate is lower than that of the deposited adatoms. As a result, Volmer–Weber growth 

is most often observed in weakly interacting film/substrate systems, where the film favors three-

dimensional island formation over two-dimensional wetting layers.23–25 

Stranski–Krastanov growth is generally considered an intermediate mode between Frank–

van der Merwe and Volmer–Weber. Initially, deposition proceeds in a layer-by-layer fashion, 

producing atomically smooth layers characteristic of Frank–van der Merwe growth. However, as 

deposition continues, the coherently strained wetting layer accumulates elastic energy due to lattice 
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mismatch between the film and the substrate. Once the film thickness exceeds a critical value, this 

strain energy becomes energetically unfavorable, and the growth mode transitions abruptly to 

island formation, similar to Volmer-Weber growth. In epitaxial heterostructures with significant 

lattice mismatch, Stranski–Krastanov growth is therefore the most likely scenario, since the 

islanding process provides an efficient strain-relaxation mechanism beyond the critical 

thickness.26,27 

We used off-axis RF magnetron sputtering to grow SRO thin films on DyScO3 (DSO), 

using a 1.5-in. ceramic SRO target at 100 mTorr, in a constant Ar/O₂ flow of 24/16 sccm, with the 

substrate held at 635 °C, and an applied RF power of 30 W. Under these conditions, AFM 

topography images (Fig. 2.2) revealed a predominantly three-dimensional (3D) growth mode 

characterized by distinct islands and trenches (holes) between them. As discussed earlier in the 

context of Volmer–Weber growth, this morphology indicates that island coalescence and 

subsequent hole filling were not yet complete. Similar behavior has been reported for 

La2/3Ca1/3MnO3 (LCMO) films on SrTiO3 (STO) (110), where a pronounced 3D growth mode was 

observed and the island morphology was attributed to thermodynamic driving forces.15 In such 

cases, Volmer-Weber growth arises when the substrate surface energy is lower than the combined 

surface and interface energies of the film, favoring the nucleation of separated islands rather than 

a continuous layer.15 We hypothesize that continued deposition would eventually lead to 

coalescence, as has been observed in the later growth of BTO films (see Section 2.2.2). 

To further explore this behavior, we investigated the effect of sputtering power on the 

evolution of the SRO growth mode. As shown in Fig. 2.2, increasing the RF power from the initial 

30 W to 45 W —while proportionally reducing the deposition time to maintain comparable film 

thickness (approximately 30 nm)—led to a progressive improvement in morphology, evolving 
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from rough 3D islanded surfaces (Fig. 2.2a,b) toward smoother, step-like features consistent with 

layer-by-layer growth (Fig. 2.2c,d). This transition can be attributed to the increase in energetic 

ion flux at higher sputtering powers. More energetic ions enhance the sputtering yield at the target, 

thereby increasing the flux of adatoms arriving at the substrate.28–30 At the same time, the other 

possibility is that the higher kinetic energy of arriving species promotes surface diffusion, allowing 

adatoms to migrate more effectively, fill valleys, and integrate into existing layers. At low 

sputtering power, by contrast, the reduced surface mobility favors stronger adatom–adatom 

bonding, which drives island nucleation. With increasing power, the balance shifts toward 

substrate–adatom bonding and continuous layer completion, resulting in the observed transition 

toward layer-by-layer growth.30,31   

As summarized in Fig. 2.2(a–d), the progressive smoothing of the SRO surface with 

increasing sputtering power reflects a clear enhancement in adatom mobility and surface diffusion 

efficiency. The film deposited at 45 W exhibits the lowest roughness (RMS ≈ 0.2 nm) and well-

defined step terraces, indicative of continuous, epitaxial growth. These conditions were therefore 

identified as optimal for achieving high-quality SRO bottom electrodes, providing smooth and 

structurally coherent templates for the subsequent growth of BTO/SRO heterostructures discussed 

in the following sections. 
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Figure 2.2 AFM topography images of SRO films grown on DSO substrates under varying RF-sputtering 

powers: (a) 30 W, (b) 35 W, (c) 40 W, and (d) 45 W. At 30 W, the films exhibit a pronounced 3D Volmer–

Weber–type growth mode with islanded morphology and trenches between grains. Increasing the sputtering 

power progressively improves the surface morphology, with 35 W and 40 W showing partial smoothing and 

step-like features, while 45 W yields the smoothest surface consistent with a transition toward layer-by-

layer growth. Scan areas: left 2 × 2 µm², right 6 × 6 µm². 

 

2.2.2 Initial nucleation and growth stages of BTO thin films 

With the optimized SRO growth conditions established, BTO films were subsequently 

deposited on top using initial sputtering parameters of 55 W, 50 mTorr, and 650 °C. These 

conditions were selected to achieve an acceptable growth rate, since the growth kinetics of BTO 

were considerably slower than those of SRO when using the same background pressure of 100 

mTorr. Under these conditions, a 180 min deposition yielded films of approximately 18 nm 
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thickness (as checked via High Resolution X-ray Diffraction (HR-XRD) measurements discussed 

in Chapter 3). AFM topography revealed smooth surfaces with well-developed two-dimensional 

(2D) layer-by-layer morphology (Fig. 2.3a). 

To have a series as a function of thickness, we next reduced the deposition time while 

keeping the growth conditions fixed. As expected, the resulting thicknesses decreased with 

deposition time ranging from approximately 18 nm (180 min) down to about 2.5 nm (40 min), 

(details discussed in Chapter 4, where polarization switching is investigated as a function of 

thickness); however, AFM images revealed a change in surface morphology at reduced thicknesses 

(Fig. 2.3). Specifically, while the thicker films (180 and 120 min) showed continuous layers, 

thinner films exhibited increasingly rough surfaces. The 60 min sample displayed partial 

separation between multilayer islands, and for the 40 min deposition the morphology resembled 

the low-power SRO case described previously—namely, distinct 3D islands and trenches with 

incomplete coalescence. At this stage, further reduction in thickness under the same growth 

conditions was discontinued. The films shown in Fig. 2.3 were therefore used as reference samples 

for subsequent ferroelectric studies presented in Chapters 3 and 4, where their polarization 

behavior was examined in relation to film thickness. For thinner films, additional optimization of 

the growth conditions was required, as discussed in the following sections of this Chapter. 
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Figure 2.3 AFM topography images of BTO films grown on SRO/DSO under identical sputtering conditions 

(55 W, 50 mTorr, 650 °C) with deposition times of (a) 180 min, (b) 120 min, (c) 60 min, and (d) 40 min. The 

corresponding RMS roughness values for the areas marked by white squares are indicated in each image. 

The thicker films (a, b) show smooth, continuous surfaces characteristic of 2D layer-by-layer growth, 

whereas shorter deposition times (c, d) yield rougher morphologies. The 60 min film exhibits partial 

separation between multilayer islands, while the 40 min film displays distinct 3D islands and trenches with 

incomplete coalescence. 

 

Based on the earlier SRO results, increasing sputtering power could in principle promote 

formation of a continuous layer or a transition back toward 2D growth by enhancing surface 

mobility. However, because BTO has intrinsically slower growth kinetics, modest power increases 

were unlikely to produce the desired effect, and higher powers were deliberately avoided to prevent 

possible damage or nonstoichiometry. Instead, a different strategy was pursued: reducing the 
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background pressure while keeping the RF power constant. Lowering the pressure increases the 

kinetic energy of the sputtered species, effectively mimicking the effect of increased power while 

maintaining controlled growth conditions. This adjustment was expected to promote smoother film 

growth and improved coalescence and enhanced adatom mobility. 

Using this approach, a new series of ultrathin BTO samples was grown at 25 mTorr with 

deposition times of 5, 10, and 20 minutes. Cross-sectional High Resolution Transmission Electron 

Microscopy (HR-TEM) confirmed that the 10 min deposition corresponded to a thickness of 2-

unit cells (discussed in detail in Chapter 5). Importantly, AFM topography of all three samples 

(Fig. 2.4) showed complete, continuous layers, with only minor step meandering. This indicates 

that reducing the pressure successfully altered the growth mode, suppressing island formation and 

favoring direct 2D layer growth even at ultrathin thicknesses. Our observations are in agreement 

with earlier reports showing that increasing the sputtering/growth pressure can induce a transition 

from 2D layer-by-layer growth toward a Volmer–Weber growth regime with island formation, 

accompanied by an increase in surface roughness.32,33 Therefore, under these optimized low-

pressure conditions, films grown for up to 20 minutes exhibited smooth and continuous surfaces, 

confirming the stability of the growth mode within this range. The thickness series shown in Fig. 

2.4 were subsequently employed for ultrathin BTO measurements discussed in Chapter 5. 
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Figure 2.4 AFM topography images of ultrathin BTO films grown on SRO/DSO at 55 W and reduced 

pressure of 25 mTorr for deposition times of a) 5, b) 10, and c) 20 min. All samples exhibit smooth, 

continuous layers with only minor step meandering, indicating suppression of island nucleation and 

stabilization of a 2D layer-by-layer growth mode even at ultrathin thicknesses. 

 

2.3 Concluding remarks 

Overall, these studies highlight that the interplay between growth parameters—pressure, 

power, and deposition time—is the key factor governing film morphology. Rather than relying on 

a single fixed recipe, the growth pathway should be adapted dynamically based on the evolving 

status of the film. 

1. 3D islands with trenches can reflect incomplete Volmer–Weber evolution. 

If roughness stems from uncompleted coalescence/hole filling, increasing the growth rate 

through higher sputtering power can yield a continuous film (as observed in growth 

optimization of SRO).  

2. At fixed flux, increased growth time can also close trenches. In BTO thickness series grown 

at constant power/rate, extending deposition time finished coalescence and produced 

continuous layers. 
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3. Reducing the background pressure increases the kinetic energy and narrows the angular 

spread of the arriving species, enhancing surface diffusion and effectively mimicking the 

effect of higher sputtering power by increasing the flux of energetic species reaching the 

substrate. This leads to a transition toward smoother, more continuous films and a shift 

from three-dimensional to two-dimensional growth behavior. 
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3 Polarization switching dynamics of para-aminobenzoic acid-

functionalized BaTiO3 thin films 

The presence of unscreened polarization at the surface of ferroelectric thin films can impair 

their functional response. One recently proposed way to improve screening is by using “molecular 

electrodes”: molecules with chemically resonant bonds (i.e. energy-equivalent internal 

distributions of chemical bonds), such that their internal charge distribution can adapt to different 

depolarizing fields. However, while molecular electrodes can provide for a good electrostatic 

screening, we do not know what their dynamic response is, and in particular whether they allow 

for agile switching of ferroelectric polarization. Here, we compare the switching dynamics of BTO 

epitaxial thin films with and without a surface layer of pABA, a molecular electrode with a bipolar 

screening capacity. We test domain-writing dynamics by running the biased tip of PFM across the 

surface of the ferroelectric films at increasing scanning speeds and studying the continuity and 

width of the written domains.  
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3.1 Introduction 

An important issue for using ferroelectrics in devices such as non-volatile memories1,2 is 

their switching dynamics, i.e., the rate at which the polarization state can be reversed under an 

applied electric field. Initial studies focused on switching-induced displacement currents in 

capacitor devices with metallic top and bottom electrodes. From these studies two things became 

clear: (i) very thin ferroelectric capacitors often show reduced polarization retention because the 

finite screening length of metallic electrodes leads to depolarization fields. These fields cause the 

ferroelectric thin film to break into tiny antiparallel domains, reducing the net bound charge and 

depolarization energy.1,3,4 (ii) the switching dynamics in capacitor devices can be limited by the 

screening dynamics, that is the speed at which compensating charges for depolarizing fields can 

be supplied to the electrodes.  

Microscopy-based investigations of switching dynamics highlighted another factor: the 

dynamics of domain nucleation and growth. In a seminal work led by Rodriguez et al.5, sidewise 

domain growth in LiNbO₃ single crystals was studied by measuring lateral domain size as a 

function of the amplitude the duration of a voltage pulse, demonstrating that domain kinetics can 

be described as an activation process consistent with the Miller–Weinreich model6, which provides 

the microscopic basis for Merz’s law. In this model, the AFM tip-induced field distribution was 

approximated by a charged sphere.7 A later study  extended the theory for ultrathin crystals by 

incorporating (i) difference in depolarization energy compared to bulk crystals and (ii) the role of 

a surface water layer.8 Substituting this improved field description into the Miller–Weinreich 

framework allowed to calculate the dependence of equilibrium domain radius on the applied tip 

voltage. Building on these insights, Brugère et al.9 developed a model for domain growth in single-

crystal LiTaO₃ that emphasized the effect of a conductive adsorbed layer on the surface. They 
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proposed that tip-induced domain growth is governed not by thermal activation of domain-wall 

motion, but rather by the temporal expansion of the local electric field driven by the conductivity 

of the water layer, thereby also demonstrating the strong influence of ambient humidity. Around 

the same time, Shur et al.10 investigated domain growth in LiNbO₃ crystals, likewise highlighting 

the essential role of adsorbed surface layers in screening depolarization fields.  

These concepts were also studied in thin films. Paruch et al.11 and Tybell et al.12 showed 

that domain-wall rates in Pb(Zr0.2Ti 0.8)O3 (PZT) thin films follow a creep-like behavior at low 

electric fields, representing a modified form of Merz’s law in which the dynamic exponent (µ) 

deviates from unity. Their findings indicated that the stochastic nucleation model of Miller and 

Weinreich alone cannot fully account for the observed dynamics. The nonlinear propagation of 

domain walls in epitaxial thin films across different regimes (creep, depinning, and flow) was 

subsequently clarified in detail by Jo et al.13,14 Importantly, the influence of humidity also emerged 

in thin-film studies: in a later work, Paruch et al. demonstrated that subcritical switching dynamics 

in PZT thin films are strongly dependent on ambient humidity, underscoring the key role of surface 

adsorbates as dynamic screening charges rather than attributing creep solely to defects and pinning 

sites.15 

More recently, Spasojević et al.16 investigated the switching dynamics of BTO thin films 

under varying humidity and showed a strong dependence of the dynamic exponent on relative 

humidity, which cannot be only explained by defects in creep regime, again supporting the crucial 

role of surface adsorbates. These studies collectively establish that the dynamics of domain growth 

during polarization switching are governed by a delicate balance between the rate of screening 

charge accumulation and the speed of domain wall motion.17 Such studies have consistently 
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reported the existence of a critical writing speed beyond which homogenous domain formation is 

inhibited, and thus ferroelectric “bits” cannot be reliably switched.  

Having established the importance of atmospheric adsorbates in electrostatically screening 

depolarizing fields in thin films, and in governing domain-wall motion and growth, it must also be 

recognized that they pose a dynamic challenge: upon switching, the chemisorbed charge needs to 

change sign to adapt to the reversal of polarization, and this requires  redistribution of surface 

adsorbates, which in general involves slow processes. As discussed in the Introduction Chapter, 

an alternative strategy is to use chemically resonant structures that provide a superior screening 

capacity for both polarization states.  One promising candidate as proposed by Spasojević et el.18 

is pABA, that can effectively act as a “molecular electrode” providing comparable and, in some 

regimes, superior effective screening of polarization charge than metallic electrodes. However, in 

order to be useful in electronic devices, namely FeRAM where processing times are critical, the 

rate at which this molecular electrode provides the charge must be fast enough. So far, the 

polarization switching dynamics of ferroelectrics integrating molecular electrodes has not been 

explored. 

In this Chapter, we investigate the switching dynamics of bare BTO films, and their 

counterparts functionalized with pABA molecular electrodes. Our results demonstrate that pABA 

molecular layers enable much faster switching of ferroelectric thin films compared to atmospheric 

adsorbates. This enhancement is evidenced by the improved stability of written domains under fast 

writing conditions (scan speeds of approximately 1 mm/s) and the formation of larger domain sizes 

at lower scan speeds. 
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3.2 Functionalization of BTO with pABA molecular layers: transfer process 

and spectroscopic characterization 

Functionalization of our BTO samples with pABA molecular layers was carried out using 

a stamping method employing polydimethylsiloxane (PDMS). A schematic of the transfer process 

is shown in Fig. 3.1a. This approach allowed coverage of relatively large, millimeter-scale areas, 

enabling a quantitative evaluation of the molecular screening effects on domain-wall kinetics over 

a wide range of writing speeds and voltages. The pABA solution was prepared following the recipe 

of Spasojevic et al.18 where pABA solution (0.1 M) was prepared by dissolving sublimation-

purified pABA (≥99%, Sigma-Aldrich) in gamma-butyrolactone (GBL, ReagentPlus, ≥99%, 

Sigma-Aldrich). Due to the hygroscopic nature of pABA, all reagents were handled and the 

solution prepared inside a controlled-humidity glovebox. FT-IR was performed to confirm the 

successful attachment of pABA molecules to the BTO surface (Fig. 3.1b). The peaks observed at 

1641 and 1434 cm-1 correspond to the symmetric and asymmetric vibrations of C=O bond from 

the carboxylic group (COOH), which remains intact. This indicates that bonding to the BTO 

surface occurs through monodentate linkage following COOH deprotonation.18–20 The remaining 

peaks at 3368, 2339, 1320 and 1228 cm-1 are identified as the stretching vibrations of -OH group 

of unbonded molecules, -NH2, and C-O groups respectively. 
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Figure 3.1 (a) Schematic illustration of the transfer process for functionalizing BTO thin films with pABA 

using a PDMS stamp coated with pABA ink. Molecular attachment occurs through COOH deprotonation 

and monodentate bonding to surface Ti sites. (b) FT-IR spectrum of pABA-functionalized BTO showing 

characteristic vibrational peaks at 1641 and 1434 cm⁻¹ (C=O stretching of COOH), and at 3368, 2339, 

1320, and 1228 cm⁻¹ (–OH, –NH₂, and C–O vibrations). The inset depicts a schematic of a pABA molecule 

chemisorbed on the BTO surface.  
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3.3 Initial domain configuration and polarization state before and after pABA 

functionalization 

Most often, studying initial domain configurations and domain wall dynamics is achieved 

by applying voltage pulses of different magnitudes and durations to the conductive tip of AFM in 

contact with the ferroelectric film surface, and measuring the size of the thus-written domains via 

PFM.12,15,16,21 In our measurements, PtIr-coated PPP-EFM tips (Nanosensors) with an elastic 

constant k = 2.8 N/m were used. The cantilever was driven near its contact resonance (300–400 

kHz) with an AC voltage of 800 mV to improve the signal-to-noise ratio and maximize sensitivity 

to the piezoresponse signal.22 The samples used for these studies were epitaxial BTO (18 nm)/SRO 

(30 nm) thin-film heterostructures, grown on (110)-oriented DSO substrates using off-axis RF-

sputtering, with the optimized growth conditions at a pressure of 50 mTorr, discussed in Chapter 

2. Structural XRD characterization of these films (Fig. 3.2a) indicates an out-of-plane lattice 

expansion of the tetragonal BTO unit cell (c-axis lattice parameter of 4.187 Å), consistent with the 

compressive in-plane strain induced by the substrate. Laue oscillations around the BTO and SRO 

peaks are indicative of high crystalline quality.23 The domain structure and polarization switching 

of BTO was investigated with PFM. Within the AFM resolution (~10 nm), no domain contrast was 

observed in the as-grown film. The initial polarization state of the films was investigated by the 

application of a DC bias of +10 V between the AFM tip and the SRO electrode. A 180-degree 

phase contrast was observed, indicating that the polarization of the as-grown film, here after called 

bare BTO, was initially pointing upward and switched to downward by a positive voltage (Fig. 

3.2b). In the next step, the pABA molecules were transferred to the BTO film, and PFM writing 

measurements were repeated on the functionalized areas to verify that the polarization orientation 

of the films remained unchanged by the pABA. As shown in Fig. 3.2b, a clear 180° phase contrast 
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is observed between the downward-poled domain and the surrounding unpoled area, confirming 

polarization switching. Notably, the domain walls in the pABA-functionalized regions appear 

sharper and better defined compared to those in the bare BTO areas, which may indicate improved 

electrostatic screening at the surface and enhanced stabilization of the switched domains due to 

the presence of the molecular layer.24 

 

Figure 3.2 (a) XRD scan of BTO/SRO/DSO films. (b) PFM phase (left) and amplitude (right) images of 

+10 V-written domains on bare (top panel) and pABA-functionalized BTO (bottom panel) thin films. A clear 

180° phase contrast confirms polarization reversal in both cases, while the sharper domain boundaries 

observed in the pABA-functionalized region indicate enhanced electrostatic screening and improved 

domain stability. (c) Representative SS-PFM phase–voltage hysteresis loops measured at 1 Hz for bare 

(black) and pABA-functionalized (red) BTO films. Both exhibit robust ferroelectric switching, with the 

functionalized surface showing a lower coercive voltage.  
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Hysteresis loops were subsequently collected in Switching Spectroscopy PFM (SS-PFM) 

at a frequency of 1 Hz, and representative curves were selected based on multiple acquisitions 

(Fig. 3.2c). Both bare and pABA-functionalized BTO show robust ferroelectric hysteresis, with a 

lower coercive voltage for the functionalized surface. This can be interpreted as faster domain wall 

motions during lateral growth stage of domain formation process.16  

 

3.4 Writing speed analysis 

A key parameter for quantifying ferroelectric switching dynamics is the critical writing 

speed, i.e., the minimum scanning rate at which stable and continuous domain structures can be 

written; above this speed, the polarization can no longer be reliably reversed. Writing speed 

provides practical insight into how quickly polarization reversal can be driven in real nanoscale 

switching scenarios. Therefore, in the following section, we compare the domain-writing 

performance of bare and pABA-functionalized BTO surfaces as a function of tip scan rate in order 

to determine both the critical writing speed for continuous domain formation and the dynamics of 

domain wall propagation. 

 

3.4.1 Critical writing speed for homogenous domain formation 

 To evaluate the critical writing speed, we performed a set of lithography experiments for 

both bare and pABA-functionalized BTO, by applying a constant DC bias to the AFM tip while 

scanning across the film surface at progressively increasing tip velocities. This method has enabled 

us to construct a map of domain size evolution.16 Linear domains were tentatively written using 

the  MacroBuilder feature of the AFM software, with two different sets of scans: The slow regime 
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with speeds varying from 0.3 up to 12 µm/s and also the fast regime with the range of 21 up to 780 

µm/s. Subsequent PFM mapping of the written areas allowed us to measure the existence, 

continuity, and width of the switched polarization stripes. We selected three writing voltages: 5 V 

(near the coercive voltage of the pABA-functionalized part of the film), 7 V (near the coercive 

voltage of the bare BTO) and 10 V (beyond the saturation voltage for both bare and pABA parts).  

 For bare BTO, we observe that, for 5V (sub-coercive voltage for the bare BTO), line domains can 

only be written for the slow scan regime (Fig. 3.3a). As we increase the applied voltage (Fig. 3b,c), 

the written domains become wider, as observed in the phase contrast, the domain walls become 

clearer, and the critical speed required to observe continuous stripes is slightly increased; however, 

we still cannot successfully switch polarization homogeneously in linear domains for scanning 

speeds faster than 35 µm/s in the fast scan regime. Since the reproducibility of these results was 

verified across multiple scans, and both the slow and fast regimes were performed consecutively, 

we can rule out experimental artifacts such as tip degradation. The speed limitation in the bare 

BTO area is attributed to the reduced mobility of adsorbed water molecules and ionic species such 

as hydroxyl groups that provide the atmospheric screening charges at the surface.16 Upon 

switching, the slow timescales associated to molecule rotation and reassembly of the ionic charges 

limit the time required to stabilize the switched domains.25  

In contrast, in the pABA-functionalized part of the same BTO film, PFM phase and 

amplitude images show that continuous domains can be written up to the maximum speed 

reachable with our scan size (780 µm/s), and across all voltages (Fig. 3.3d-f). This indicates that 

pABA molecules enable domain writing at much faster speeds than in bare BTO in atmospheric 

conditions (where a critical speed of 35 µm/s was identified), by a factor of at least 22 (=780/35) 

when writing at 10V. This fast switching is enabled by the fast electronic charge reconfiguration 
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between different resonant structures of pABA, which can provide the requisite screening without 

having to change their molecular orientation.18  
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Figure 3.3 PFM phase (left) and amplitude images (right) of ferroelectric line domains switched to down 

polarization by increasing writing speeds at a constant tip bias of 5, 7, and 10 V for bare BTO (a-c), and 

pABA-functionalized BTO (d-f).  

 

3.4.2 Dynamics of domain wall propagation 

In addition to the differences in critical writing speed discussed above, we also observe a 

systematic change in the domain size written at a given tip velocity. Specifically, the domains 

written on the pABA-functionalized BTO are wider than those written on bare BTO under the 

same writing conditions. To quantify the kinetics of domain growth for our biggest applied voltage 

(10 V), the average domain widths were extracted from PFM phase images by calculating the 

switched areas (based on pixel counts) and dividing them by the domain line length. These values 

were plotted on a log-log scale, and found to follow a power law (Fig. 3.4a), which was fitted using 

the equation (3.1),  

𝐿𝑜𝑔 (𝑊) = Ø𝐿𝑜𝑔 (𝑆) − 𝑘                                                                                                                         (3.1) 

where 𝑊, 𝑆 and Ø denote average domain width, scan speed, and growth exponent respectively, 

and 𝑘 is the logarithm of the proportionality constant in the power law. Since writing time is 

inversely proportional to scan speed, this result indicates that domain size scales as a power of 

writing time, 9,16 consistent with the idea that domain switching follows avalanche dynamics.26 As 

shown in Fig. 3.4a, the slope of the fitted lines, corresponding to the growth exponent, is calculated 

as -0.04 and -0.29 for pABA-functionalized and bare BTO respectively. The near-zero growth 

exponent for the pABA-functionalized area indicates that changing the scanning speed makes 

almost no difference, in other words, the domains have achieved their saturation width already at 

the fastest scanning speed, so that slowing down the scan rate makes little difference. In contrast, 
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the bigger growth exponent of bare BTO indicates a faster decrease in domain width with 

increasing speed, and therefore a slower rate of growth. 

In a complementary analysis, we examined the evolution of the growth exponent of domain 

width in the pABA-functionalized regions depending on the applied voltage (Fig. 3.4b). The 

maximum domain widths extracted from Fig. 3.3d-f,  were found to increase with applied voltage, 

from approximately 260 nm at 5 V to about 320 nm at 10 V, measured at the slowest scan speeds. 

As the applied bias approaches the coercive voltage (e.g., at 5 V), the domain width becomes 

increasingly sensitive to the writing speed. In this regime, the pulse duration becomes the limiting 

factor, and the difference in domain width between different voltages becomes more pronounced 

at higher scan speeds. This behavior is reflected in the steeper slope of the power-law dependence, 

where the extracted growth exponent decreases from –0.04 at 10 V to –0.16 at 5 V, confirming that 

lower voltages lead to a stronger dependence on the duration of the applied bias. 

 

Figure 3.4 (a) Evolution of switched domain area divided by line length as a function of writing speed at a 

constant tip bias. Data are shown for bare BTO (black) and pABA-functionalized BTO written with +10 V 

(red), together with data for the pABA-functionalized surface, pre-poled at +10 V and subsequently written 

with –10 V (blue). Corresponding PFM images for these bipolar writing experiments are shown in Fig. 3.5. 
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(b) Maximum domain width as a function of scan speed for pABA-functionalized BTO films at 5 V, 7 V, and 

10 V. The data follow a power-law dependence, where the growth exponent (Ø) decreases from –0.04 at 10 

V to –0.16 at 5 V, indicating an increasing sensitivity of domain width to scan speed as the applied voltage 

approaches the coercive value. All data are fitted (continuous lines) with Eq. (3.1). 

 

We also explored the bipolar screening capability of the pABA-functionalized surface by 

conducting additional writing speed experiments. In this experiment, the functionalized region was 

first pre-poled with a +10 V bias to reverse the polarization direction, and domain lines were 

subsequently written using a –10 V bias at various scan speeds from approximately 12 µm/s up to 

1 mm/s. To ensure reproducibility, bipolar switching measurements were performed on 2 separate 

samples with identical thicknesses. As shown in Fig. 3.5, robust and continuous switching was still 

achieved, and the calculated domain widths nearly matched those obtained on the sample written 

with +10 V (Fig. 3.4a). The growth exponent extracted from this data (−0.04) confirms the fast-

switching behavior and efficient screening provided by pABA.  
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Figure 3.5 PFM topography, phase and amplitude images (from left to right) demonstrating the bipolar 

screening capability of the pABA-functionalized BTO surface. The measurements correspond to the 

opposite-polarity writing experiments, where the surface was pre-poled with +10 V and lines were 

subsequently written with –10 V (blue data in Fig. 3.4a). Samples A and B correspond to two independent 

films grown and measured under identical conditions to confirm the reproducibility of the bipolar switching 

behavior. 

 

3.5 Concluding remarks 

In this Chapter we investigated the initial polarization state and switching dynamics of 

BTO/SRO/DSO heterostructures, both in their bare form and after functionalization with pABA 

molecular layers serving as surface screening agents. Our measurements show that the presence of 

pABA markedly enhances their switching dynamics, facilitating fast switching of ferroelectric 

domains of either polarity, even at the maximum writing speeds of our scans (close to 1 mm/s). 

Moreover, bigger and more constant domain widths were obtained as a function of writing speed 

compared to their bare BTO counterparts. The faster dynamics is attributed to the inherent ability 

of chemically resonant molecules to adapt their internal charge distribution to electric fields and 

thus to the ferroelectric depolarizing field. In contrast, bare BTO films are constrained by the 

unipolar nature of atmospheric adsorbates, which must desorb and resorb with a different polarity 

to screen the switched polarization. Overall, these findings suggest that “molecular electrodes” 

(resonant chemical compounds), based on pABA or other suitable organic compounds, may indeed 

be a useful paradigm in electrodes, merging the superior screening of chemisorption with the fast 

dynamics required for electronic devices. 
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4 Polarization switching in ultrathin BaTiO3 films stabilized by 

para-aminobenzoic acid functionalization 

In Chapter 3, we discussed how the integration of pABA molecules as an extra screening 

agent could provide compensating charges during polarization reversal, much faster than 

atmospheric adsorbates, owing to the molecule’s resonant electronic structures. In this Chapter we 

investigate whether pABA functionalization can also stabilize polarization reversal in BTO films 

below the critical thickness, where insufficient screening by atmospheric adsorbates can de-

stabilize the monodomain polarization configuration seen in thicker films and hinder stable 

polarization switching. For this reason, in this Chapter we employ the pABA functionalization 

method described in Chapter 3 for a series of BTO films below the critical thickness and use PFM 

lithography to write domains on the pABA-functionalized areas. The aim is to determine whether 

pABA can be used not only to increase switching speed (as proven in Chapter 3) but also to reduce 

critical thickness for robust switchable ferroelectricity. 
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4.1 Introduction 

As discussed in Chapter 1, reducing ferroelectric film thickness makes stabilization of the 

polarization against depolarizing fields increasingly challenging. Both theoretical and 

experimental studies have proposed critical thicknesses below which polarization becomes 

unstable in perovskite ferroelectrics. For SRO/BTO/SRO/STO, first-principles calculations predict 

a monodomain critical thickness of ~ 6-unit cell,1 while experimental reports vary depending on 

several factors such as epitaxial strain and growth conditions. For example, Zubko et al.,2 reported 

a monodomain state with switchable polarization in ultrathin BTO (4.8 nm (~12-unit cell)) films 

grown on SRO/STO, confirmed through direct observations, employing PFM. De Luca et al.3 

reported monodomain polarization emerging from 4-unit cell of BTO/SRO/STO using in-situ 

Second Harmonic Generation (SHG) during growth. In another work Strkalj et al.4  also reported 

same results for similar structures. However, in both latter cases, switching capability through PFM 

lithography was only showcased for relatively thicker films of ~30-unit cell thickness, underlining 

that structural signatures of polarization do not automatically imply polarization switchability and 

retention at the ultrathin limit. 

Domain formation provides an intrinsic mechanism to reduce depolarizing energy, but it 

comes at a cost: net polarization is suppressed in the polydomain state (that is in fact the point of 

domain formation) and it compromises retention of written domains, as they tend to relax back 

toward the polydomain state. Lichtensteiger et al.5 demonstrated that relaxation of switched states 

in polydomain films occurs on much shorter timescales than in native monodomain structures. 

Therefore, several approaches have been proposed to mitigate depolarizing-field–induced domain 

breakdown. A seminal example is the work of Fong et al.6 who employed a strategy in which the 

PbTiO₃ (PTO) film surfaces were exposed to a controlled vapor environment during Metal Organic 
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Chemical Vapor Deposition (MOCVD). Using in situ high-resolution synchrotron X-ray 

scattering, they reported the absence of satellite peaks in the diffuse X-ray scattering—features 

that appear when equilibrium 180° stripe domains are present—thereby indirectly indicating a 

monodomain polar state for films down to 1.2 nm (~3-unit cell). Moreover, in their work they were 

able to write inverted domains through PFM for their thickest film (9.2 nm(~22-unit cell)). These 

results highlighted the adequacy of “chemical” rather than “electronic” mechanisms for reducing 

depolarizing fields.  

More recently, Strkalj et al.7 demonstrated emerging polarization in PTO from the very first 

unit cell, albeit with a polarization gradient across the thickness; by employing cooperative 

interface configurations, they stabilized a bulk polarization state down to ~10-unit cell and further 

reported stable PFM switching for 20-unit cell PTO. In another study, the critical thickness limit 

in BTO was strongly suppressed by replacing metallic bottom electrodes with an in-plane–

polarized ferroelectric buffer that promotes polarization continuity at the interface.8 Using this 

approach, successful PFM writing was demonstrated on 10 nm (~24-unit cell) BTO grown on a 

Bi₅FeTi₃O₁₅ buffer. 

While these studies highlight the extensive efforts made to avoid domain breakdown, they 

often emphasize structural detection of polarization (e.g., SHG, XRD, HR-TEM) rather than 

directly probing the ability to locally switch domains and maintain their stability. In this context, 

the central question of this Chapter is not whether polarization can exist in a monodomain state 

instead of polydomain state in ultrathin BTO, but whether stable polarization switching can be 

achieved and retained. Even a nominally monodomain state does not guarantee switchability, if 

the reversed polarization state cannot be adequately screened and/or the imprint field is larger than 

the coercive field. A clear example is provided by the work by Lu et al.9, who studied 6-unit cell 
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BTO/ La0.67Sr0.33MnO3 (LSMO)/STO structures. In their work, they reported a monodomain state 

for bare BTO surface, but the switched polarization state was unstable, showing little retention. 

However, when an NH₃ interfacial molecular layer was introduced at the graphene/BTO interface, 

polarization stability was dramatically enhanced, with both upward and downward states retained 

for several days. This stabilization arises from the ability of NH₃ molecules to realign their dipole 

moments with the polarization direction of BTO, thereby providing efficient screening of 

depolarizing fields. 

Building on this idea, in our work we sought to explore whether a similar stabilizing effect 

could be achieved using pABA molecules. In the previous Chapter, we showed that pABA can 

improve the switching dynamics of relatively thick BTO films. Here, we extend this concept to 

ultrathin BTO, investigating whether molecular electrodes can facilitate stable polarization 

switching and retention down to just a few-unit cells. The films studied were grown on DSO 

substrates by RF-sputtering under the optimized conditions established in Chapter 2. 

 

4.2 Evolution of out-of-plane lattice parameter upon thickness decrease 

For the films grown in this Chapter, the deposition parameters were kept identical to those 

described in Chapter 3, with the BTO layers deposited at an oxygen pressure of 50 mTorr. As 

shown in Fig. 4.1a, XRD patterns confirm the presence of well-defined (002) BTO reflections, 

with peak broadening associated to reduced film thicknesses down to approximately 2.5 nm. For 

the thicker samples, the film thicknesses were determined using X-ray reflectivity (finite thickness 

oscillations). To further verify the structural quality and accurately assess the thickness of the 

ultrathin BTO films—particularly where peak broadening complicates XRD analysis, HR-TEM 



Page | 71 

 

was performed on the 4.9 nm sample, which will be further discussed in the following sections. 

The thickness of the thinnest sample (2.5 nm) was extrapolated based on calibrated deposition 

rates. The out-of-plane lattice parameters were extracted using interactiveXRDFit, a software 

developed by Céline Lichtensteiger10, consisting in a custom MATLAB-based simulation tool that 

calculates diffracted intensity profiles for oxide thin films and heterostructures using a built-in 

library of inorganic materials (Fig. 4.1b).  
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Figure 4.1 (a) XRD scans of BTO films with different thicknesses grown on SRO/DSO substrates. Well-

defined (002) BTO reflections are observed alongside substrate (220) DSO and SRO peaks. Systematic peak 

shifts and broadening confirm reduced thicknesses down to 2.5nm. Dashed lines are simulations using 
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interactiveXRDFit software. (b) Evolution of the out-of-plane lattice parameter as a function of film 

thickness, showing a gradual reduction with decreasing thickness. RSMs of the 10 nm BTO film recorded 

around the (33-2) (c) and (220) (d) reflections of the DSO substrate. Both maps show sharp, coherent peaks 

without diffuse scattering or in-plane satellite features, confirming fully strained epitaxial growth. The 

absence of periodic satellite peaks indicates that long-range periodic 180° domain structures are not 

present.  

 

A detailed structural and ferroelectric characterization of the reference 18 nm BTO film—

used as a baseline for comparison—was already presented in Chapter 3. This film exhibited an 

out-of-plane lattice parameter of approximately 4.187 Å. As the thickness is reduced to 10 nm and 

7 nm, the lattice parameter decreases slightly to 4.183 Å and 4.165 Å, respectively. However, once 

the thickness approaches 4.9 and 2.5 nm, the reduction becomes more pronounced, with the out-

of-plane parameter reaching approximately 4.12 and 4.06 Å respectively. Since BTO tetragonality 

is coupled to polarization, the decrease of out-of-plane lattice parameter suggests a reduction of 

polarization as thickness decreases. Such loss of tetragonality and polarization instability  has been 

reported in literature and attributed to - a dense structure of 180° domains with a high domain wall 

density.2,5,11,12 It is nevertheless worth noting that for ultrathin films, the accuracy of lattice 

parameter extraction becomes increasingly limited due to peak broadening and reduced signal 

intensity, which may affect the precision of the fitting. 

Since the following sections of this Chapter focus on the ferroelectric switching and 

electromechanical responses of these films, it was essential to ensure that the structural state of the 

samples was free from concurring effects such as strain gradients or partial relaxation that could 

affect their functional behavior. To confirm structural integrity and epitaxial quality, reciprocal 

space mapping (RSM) was performed on the 10 nm BTO film—the thickest sample discussed in 

this Chapter. Measurements around the (33-2) and (220) reflections (Fig. 4.1c,d) verified fully 
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coherent epitaxial growth, with no signs of diffuse scattering or in-plane satellite peaks—features 

typically associated with 180° periodic stripe domains.13–15 These results thus confirm that the 

films remain coherently strained and structurally uniform, providing a reliable basis for the 

subsequent analysis of their ferroelectric behavior. 

 

4.3 Polarization states below the critical thickness 

4.3.1 Static domain writing by PFM lithography 

To investigate the polarization state and switching capability of our BTO thin films, we 

performed PFM lithography. Local domains were electrically written by applying ±10 V to the 

conductive tip (+10 V will induce downward polarization if the as-grown polarization is upward, 

and –10 V will switch the polarization upward if the as-grown polarization is downward). During 

all the lithography experiments, the writing conditions—specifically the scan speeds (kept 

consistent with those used in Chapter 3) and the relative humidity (maintained between 55–60%)—

were controlled. As the BTO film thickness was decreased from 18 to 10 nm, we observed a loss 

of stable polarization switching (Fig.4.2a,b) despite the film still being strongly tetragonal 

according to the XRD (Fig. 4.1). 

 As shown in Fig. 4.2b,c, for 10 and 7 nm films, the PFM phase image reveals that regions 

poled with negative voltage exhibit back-switching (although incomplete), indicating that the films 

have a preferential average downward polarization in the as-grown state. This contrasts with the 

behavior observed in the thicker 18 nm reference sample, where the film exhibited a native up-

polarized state and allowed stable switching of the domains into either polarity. As the film 

thickness is reduced even further, this instability becomes more pronounced. In both the 4.9 and 
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2.5 nm samples, we observed immediate polarization relaxation following voltage application, 

with no stable retention of the written domains.  

 

Figure 4.2 PFM phase (upper panels) and amplitude (bottom panels) images of BTO films with different 

thicknesses: (a) 18 nm (reference sample), (b) 10 nm, (c) 7 nm, (d) 4.9 nm, and (e) 2.5 nm, showing the 

evolution of polarization contrast and switching stability as the film approaches the critical thickness. Local 

domains were written with alternating ±10 V bias, as indicated in panels (a) and (b). The 18 nm film 

(reference sample) exhibits well-defined and stable domains with clear phase contrast, indicating robust 

ferroelectric switching. At 10 nm, the written regions display non-uniform contrast and partial back-

switching, suggesting incomplete polarization reversal. Similar inhomogeneous switching behavior is 

observed for the 7 nm film. For the ultrathin 4.9 nm and 2.5 nm films, no stable retention of the written 

domains is achieved, as immediate relaxation occurs after bias removal.  

 

Since all the films are epitaxially coherent (i.e. no in-plane strain relaxation), the 

contrasting PFM behavior between the 18 nm and thinner 10 and 7 nm films must arise from the 

interplay between thickness, interfacial built-in field and surface boundary conditions. It is well-

established that when depolarizing fields grow in magnitude, surface effects —particularly the 

adsorption and dissociation of atmospheric species—become indispensable for stabilizing the 
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polarization, providing crucial compensating charge that complements internal screening 

mechanisms and electronic screening from the bottom electrode.16–18 Upon exposure to ambient 

conditions, water molecules dissociate at the surface. Negatively charged OH⁻ species couple to 

Ba or Ti cations at the surface favoring upward polarization,19,20  while H+ binds to the lattice 

oxygen atoms at or even below the surface, favoring downward polarizations.20 In our case, it is 

possible that as thickness decreases, these two opposing ionic compensation mechanisms may 

compete, and neither species may supply sufficient screening on its own to sustain a homogeneous 

polarization. In fact, recent depth-resolved structural characterization using X-ray standing waves 

on BTO/SRO/DSO heterostructures, suggested an upward polarization orientation in the surface 

of these films, favored by negatively charged OH⁻ or O2- adsorbed molecules, with the Ti atom 

displacement decreasing for the layers below the surface of the film and ultimately reversing the 

orientation of the polarization in the bulk of the film.20 This configuration mitigates the 

depolarizing field, resulting in an average downward polarization with a few unit cells near the 

surface pointing upward. Similar examples of adsorbates influencing the polarization direction—

either driving complete polarization reversals through the entire film or modifying only the 

topmost unit cells—have been widely reported in thin ferroelectrics.19–22  

Thus, we argue that, as the thickness decreases from the 18 nm reference, the interplay 

between depolarizing fields, interfacial screening, and surface chemistry stabilizes a net downward 

polarization, likely accompanied by upward-biased surface layers due to negatively charged 

adsorbates. This accounts for the partial and unstable reversal observed in the 10 and 7 nm films 

under negative bias. The irregular phase contrast and incomplete domain switching indicate rapid 

back-switching, consistent with limited stabilization of the switched state in ultrathin films. 
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Subsequently, we examined the thickness distribution of polarization in thinner films using 

HR-TEM in a cross-sectional lamella prepared by conventional Focused Ion Beam (FIB) milling 

from the 4.9 nm sample. The High-Angle Annular Dark-Field (HAADF) image (Fig. 4.3a) 

confirms that interfaces are atomically sharp and that the film growth was coherent. We then 

analyzed the Ti displacements relative to the Ba sublattice using atomic column position extraction 

performed with the Atomap Python library (Fig. 4.3b).1 Since BTO polarization is dominated by 

Ti–Ba displacement (with a smaller, opposite contribution from O), these displacements provide a 

reliable estimate of the polarization orientation. The vector map shows small (below 5 pm) and 

non-uniform displacement vectors, and in some cases even reversed. It should be noted that diffuse 

contrast in the topmost unit cells, together with the susceptibility of the near-surface layers to FIB-

induced damage, may compromise the accuracy of the extracted displacement vectors in the 

uppermost atomic planes. Such suppression of bulk polarization, combined with the tendency of 

surface-induced polarization to remain pinned and non-switchable,20,21 explains why no stable 

switched domains were detected in PFM. Similar depth-dependent displacement profiles—strong 

polarization near the surface gradually suppressed toward the electrode—have also been reported 

for ultrathin PTO films.7 

 
1 FIB sample preparation was conducted by Marcos Rosado Iglesias and Francisco Javier Belarre Triviño; TEM 
measurements were carried out by Bernat Mundet Bolós and Kapil Gupta; and atomic column analysis was performed 
by Xinxin Hu. 
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Figure 4.3 (a) HR-TEM HAADF image of 4.9 nm BTO film on SRO, showing atomically sharp interfaces 

and coherent epitaxy. (b) The corresponding Ti displacement relative to Ba vector map highlights a non-

uniform polarization within the ultrathin film.  

 

4.3.2 Local switching behavior by SS-PFM 

In addition to the domain writing experiments, we conducted SS-PFM measurements using 

triangular pulsed waveforms and plotted the OFF-state response (i.e., the signal acquired after the 

tip bias was removed) to probe the switching dynamics across the thickness series. As shown in 

Fig. 4.4, both the 10 nm and 7 nm films retain switchable ferroelectricity with a ~180° phase 

contrast between up- and down-polarized states. However, their loops exhibit reduced coercive 

voltages and a slight negative built-in bias compared to the 18 nm reference sample, which could 

be consistent with destabilization of the switched domains and rapid back-switching. Meanwhile, 

the even thinner 4.9 and 2.5 nm films display phase contrasts well below 180°, with the latter 

barely reaching ~100°. Therefore, while moderately thin films (7–10 nm) still sustain switching 
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despite some back-switching tendencies observed through lithography, further reduction in 

thickness leads to a greater suppression of the polarization switching, where written domains relax 

on a timescale shorter than the measurement window, which is set by the duration of the voltage 

pulses (≈1 s for the 1 Hz SS-PFM waveform).    

 

Figure 4.4 SS-PFM hysteresis loops of BTO films with different thicknesses, showing the evolution of 

switching behavior with decreasing thickness. The 18 nm reference sample (discussed in Chapter 3) is also 

shown for comparison. The 10 nm and 7 nm films retain switchable polarization with ~180° phase contrast 

but display reduced mean coercive voltages and a slight negative built-in bias, consistent with internal 

fields driving destabilization of written domains. In ultrathin films (4.9 and 2.5 nm), the loops show phase 

shifts <180° with an imprint larger than the negative “coercive voltage”. The results thus suggest that in 

the two thinnest films, their polarization is not perpendicular to the surface and/or is not robustly 

switchable. 
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4.4 Surface molecular screening and polarization switching stability in 

ultrathin BTO 

4.4.1 Static domain writing by PFM Lithography 

After treatment with pABA molecular electrodes, as shown in Fig. 4.5, a clear enhancement 

in switching stability is observed across all thicknesses. Notably, long-lived domain contrast is 

observed even for the thinnest BTO sample discussed in this section — a regime where stable 

polarization switching is notoriously difficult to achieve. In 10 and 7 nm BTO samples, after pABA 

functionalization, application of -10 V, locally switches domain to up direction. However, unlike 

in bare films, this time the switched domains remain written without any backswitching. A clear 

180° phase contrast is preserved between the written regions and the surrounding area, and the 

amplitude shows comparable values inside the domains with local minimum at the domain walls. 

Meanwhile, the even thinner 4.9 and 2.5 nm films also show pronounced stabilization of written 

domains. The 180° contrast obtained after writing with positive bias in these ultrathin samples 

subtly suggests that, under the enhanced surface-screening conditions provided by pABA, a 

residual switchable polarization component—which was previously strongly suppressed and 

effectively non-switchable due to depolarizing fields—re-emerges with a preferential upward 

orientation. The results suggest that pABA has important screening properties capable of 

stabilizing ferroelectricity down to smaller thicknesses than even metals such as SRO (for which 

the experimental critical thickness for stable monodomain polarization of BTO is above 5 nm).2 
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Figure 4.5 PFM phase (upper panels) and amplitude (bottom panels) images of pABA-functionalized BTO 

films with different thicknesses: (a) 10 nm, (b) 7 nm, (c) 4.9 nm, and (d) 2.5 nm. Local domains were written 

with alternating ±10 V bias, as indicated in panel (a). All films exhibit clear and homogenous polarization 

contrast, demonstrating that molecular functionalization with pABA effectively stabilizes ferroelectric 

switching down to the ultrathin regime.  

 

Further evidence of the bipolar screening capability of pABA molecules and the stability 

of written domains is provided by domain writing experiments performed in a square-in-square 

configuration (Fig. 4.6). In these tests, the films were first uniformly poled using –10 V (for the 

10 nm film) or +10 V (for the 4.9 nm film), followed by writing an inner square region with the 

opposite voltage. The results, shown for both the 10 nm and 4.9 nm samples, demonstrate robust 

bipolar switching behavior after surface functionalization with pABA. The written domain patterns 

remained clearly distinguishable when imaged approximately 48 hours (10 nm film) and 15 hours 

(4.9 nm film) after the initial poling, indicating long-term retention of the switched polarization 

states of either sign.  
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Figure 4.6 PFM phase (upper panels) and amplitude (bottom panels) images of pABA-functionalized BTO 

films showing bipolar switching and long-term retention. (a, b) Images correspond to the 10 nm film, which 

was first pre-poled with –10 V over the entire area, followed by writing a central square with +10 V. Panels 

(a) and (b) show the initial state and the same region after 48 h, respectively. (c, d) The same sequence is 

shown for the 4.9 nm film, where the surface was first pre-poled with +10 V and the inner square was 

written with –10 V, consistent with its opposite average polarization direction. Panels (c) and (d) 

correspond to the initial and 15 h retention states, respectively. 

 

4.4.2 Local switching behavior by SS-PFM 

The SS-PFM hysteresis loops obtained on pABA-functionalized regions of BTO films are 

shown in Fig. 4.7. They show improved phase contrast upon switching and general enhancement 

of coercive voltages compared to bare BTO samples. Although this increase in coercive voltages 

after pABA functionalization might appear to contrast with the switching-spectroscopy behavior 

of the thicker 18 nm BTO/DSO reference film discussed in Chapter 3, the origin of this difference 

can be rationalized by considering how the electromechanical response evolves with thickness, 

hence depolarizing fields. In general, the electromechanical response captured in a hysteresis loop 
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reflects a combination of the A) voltage required to switch the polarization and B) the stability of 

the switched state against depolarizing fields. In a thicker film such as the 18 nm sample, where 

stabilization of the switched domains is not a limiting factor, narrower loops and lower coercive 

voltages can simply indicate faster domain-wall motion and the formation of bigger written 

domains (as observed in Chapter 3 after pABA functionalization). However, when depolarizing 

fields grow in magnitude, the stability of the switched state becomes the limiting factor in the 

overall loop response, and narrow loops together with fast domain-wall motion can also translate 

into more rapid back-switching of the written domains. In contrast, wider loops and increased 

coercive voltages after pABA functionalization indicate that the switched polarization is better 

stabilized against depolarizing-field–driven relaxation. 
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Figure 4.7 SS-PFM phase–voltage hysteresis loops obtained for bare (solid squares) and pABA-

functionalized (open triangles) BTO films with thicknesses of 10 nm (purple), 7 nm (red), 4.9 nm (green), 

and 2.5 nm (blue). The films exhibit enhanced coercive voltages and improved phase contrast (stability of 

switched states) compared to bare films. 

 

In order to directly compare the screening efficiency of molecular electrodes with that of a 

conventional metallic electrode, we additionally grew SRO top electrodes on 10 nm 
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BTO/SRO/DSO heterostructures. The SRO layer with approximate thickness of 30 nm was 

deposited in situ and subsequently patterned (20-50 µm diameter) via photolithography, followed 

by selective etching using NaIO4 to produce well-defined electrode geometries. SS-PFM 

measurements were then performed on both the electrode regions and the adjacent bare BTO 

surface using the AFM tip as the top contact. The bare BTO areas (Fig. 4.8a) exhibited ferroelectric 

switching in both the “ON” state—where the applied bias probes domain dynamics under field—

and the “OFF” state—where domain stability is assessed at zero field after application of DC 

poling pulses. The corresponding OFF-state hysteresis loops displayed the hallmark ferroelectric 

signatures: butterfly-shaped amplitude curves and 180° phase reversals at the amplitude minima. 

As the 10 nm and 7 nm bare BTO films discussed in section 4.3.2, the loops were shifted slightly 

toward negative voltages, consistent with an average downward polarization. Minor variations in 

coercive voltages compared to earlier results are likely attributable to processing effects introduced 

during the photolithography and etching steps. In contrast, the SRO-covered regions showed a 

markedly different response. While the ON-state loops displayed a narrow hysteresis—indicating 

some polarization switching under bias—the OFF-state measurements revealed no discernible 

phase or amplitude contrast between oppositely poled areas (Fig. 4.8b). This lack of remanent 

contrast suggests that the switched polarization rapidly relaxes once the field is removed.  
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Figure 4.8 SS-PFM hysteresis loops of 10 nm BTO/SRO/DSO: (a) ON- and OFF-state phase and amplitude 

loops of bare BTO regions, showing ferroelectric switching. (b) Corresponding ON- and OFF-state loops 

of SRO-covered regions, where remanent switching is suppressed. Both ON and OFF signals, as well as 

amplitude responses, are shown here to provide a clearer link with the discussion in the text. (c) ON- and 

OFF-state phase and amplitude loops for pABA-functionalized (10 nm) BTO film shown for comparison. 

 

The SS-PFM results of pABA-functionalized (10 nm) BTO,  is also shown here for 

comparison, where both ON and OFF signals, show butterfly-shaped amplitude curves and 180° 

phase signals as previously discussed in section 4.4.2. These results lead to a clear conclusion: For 

10 nm BTO films, atmospheric adsorbates alone are insufficient to stabilize long-lived switched 

domains, although the films still display switchable ferroelectric behavior when probed locally by 

SS-PFM in the bare state. The choice of screening mechanism therefore becomes critical. 

Functionalization with pABA molecular layers provides efficient interfacial screening, enhancing 

the ferroelectric response and enabling stable polarization retention. In contrast, integration of a 

metallic SRO top electrode not only fails to improve screening but actively suppresses the 

remanent polarization, as evidenced by SS-PFM loops.  

 

4.4.3 Control experiments on pABA/SRO: verifying ferroelectric origin of PFM contrast 

Accurate determination of local ferroelectric properties requires a careful interpretation of 

the PFM signal, which is influenced by multiple overlapping electromechanical and electrostatic 

contributions. Notably, changes in the tip-sample junction potential, caused by charge injection or 

relaxation phenomenon, also result in hysteresis-like behavior, with phase shifts and amplitude 

changes that mimic true ferroelectric switching.23 These effects can easily be misinterpreted if not 

properly controlled. Thus, distinguishing between genuine ferroelectric responses and artifacts 
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originating from charge dynamics or electrostatic forces is essential. In our study, this concern 

applies particularly to the pABA molecular layer interfaced with BTO. To rule out the possibility 

that pABA acts merely as a passive dielectric or an electret —contributing spurious contrast via 

charge trapping or molecule–tip interactions—we start by referring to earlier findings from our 

group,24 where the observed independence of coercive voltage as a function of pABA thickness 

indicated that the organic layer was unlikely to be the origin of the hysteresis. Moreover, our own 

results provide further evidence of genuine ferroelectric switching. Domain patterns written on 

pABA-functionalized BTO films remained stable and clearly visible, even 48 hours after writing, 

as discussed in the previous section. This long retention time strongly argues against transient 

effects such as charge injection, which typically relax within seconds or minutes.25 

To further substantiate this claim, a control experiment was performed on samples 

consisting of SRO electrodes directly coated with pABA, but without the BTO layer. The same 

voltage-writing protocol applied to these samples produced no observable phase or amplitude 

contrast in PFM (Fig. 4.9). This outcome confirms that pABA alone does not generate artificial 

signals under the applied electric field, i.e. there is no ferroelectric-like contrast. The switching 

contrast observed in our functionalized BTO films therefore originates from stabilized ferroelectric 

polarization, not from tip–molecule artifacts or extrinsic charging effects. 
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Figure 4.9 Control experiment on pABA-coated SRO/DSO without a BTO layer. PFM phase (left) and 

amplitude (right) images after applying ±10 V writing bias to the marked regions. No measurable contrast 

is observed in either channel, confirming that pABA alone does not generate artificial switching signals. 

 

4.5 Concluding remarks 

In summary, our results demonstrate that polarization stability in ultrathin BTO/SRO/DSO 

films is critically governed by the balance between depolarizing fields and charge screening. 

Below the critical thickness, bare films exhibited rapid relaxation of written domains, manifested 

either as incomplete phase contrast or domain shrinkage. Molecular functionalization with pABA 

provided efficient, dynamic screening of polarization charges, enabling the retention of stable 

domains over extended timescales and even under bipolar switching conditions at a lower critical 

thickness than bare films. These findings highlight the potential of molecular layers as a versatile 

and effective route to control polarization states in ferroelectric tunnel junctions, which will be 

discussed in the next Chapter. 
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5 Tunneling electroresistance in ultrathin films 

Having established that pABA functionalization can stabilize monodomain polarization in  

ultrathin ferroelectric films, we now investigate a possible application for them: Ferroelectric 

Tunnel Junctions (FTJ). In FTJs, non-destructive readout is achieved by exploiting quantum 

tunneling through a nanometer-scale ferroelectric barrier, where the electron transmission 

probability depends on the polarization orientation. Their correct functioning therefore requires 

ferroelectric films that are sufficiently thin to enable tunneling yet have switchable and stable 

polarization (to enable contrast between up-polarized and down-polarized states). These two 

requisites have been hard to meet simultaneously due to depolarization effects, but the performance 

of pABA electrodes demonstrated in this thesis suggests that they could offer a way forward. In 

this Chapter we show that stable polarization switching in ultrathin films (below 4-unit cell) 

produces two distinct resistive states (ON, Low Resistive State (LRS) and OFF, High Resistive 

State (HRS)) arising from polarization controlled modulation of the tunneling barrier. We show 

the Tunneling Electroresistance (TER) effect both through local measurements using Conductive 

Atomic Force Microscopy (CAFM), and through macroscopic current-voltage measurements. 

  



Page | 94 

 

5.1 Introduction 

As outlined in Chapter 1, polarization switching alters the electrostatic potential profile 

across the barrier in an FTJ, modulating the tunneling transmission probability. Realizing this 

effect, however, requires maintaining a stable polarization in ferroelectric layers that are thin 

enough for quantum tunneling to dominate transport. However, as thickness decreases, 

ferroelectricity is destabilized by depolarizing fields, imperfect screening, and interface-related 

effects. Below a critical thickness, the spontaneous polarization becomes unstable or unswitchable. 

As discussed in Chapter 4, polarization gradients and domain fragmentation emerge in this regime, 

and while an external field may transiently align dipoles, insufficient screening causes rapid 

relaxation into a state with zero average polarization once the field is removed, hindering stable 

switching and limiting FTJ functionality.  

These intrinsic limitations pose a major challenge, and extensive experimental efforts have 

focused on identifying interface and strain conditions that can preserve monodomain 

ferroelectricity at reduced dimensions to produce a sizable TER effect.1,2 The TER ratio is typically 

defined as the relative change in resistance (or conductance) between the high- and low-resistance 

states, expressed as TER = (ROFF – RON)/RON and serves as a quantitative measure of the 

polarization-controlled modulation of the tunneling current. 

A representative strategy to stabilize ferroelectricity at reduced thicknesses was 

demonstrated by Garcia et al., who employed NaGaO3 (NGO) substrates to impose strong 

compressive strain, stabilizing out-of-plane ferroelectricity in BTO layers down to 1 nm.3 NGO 

imposes ~3.2% compressive lattice mismatch on BTO—roughly double that of DSO (~1.6%)—

and such enhanced compressive strain is known to increase tetragonality and Curie temperature, 

thereby helping to sustain out-of-plane polarization in the ultrathin limit. This enabled reliable 
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switching and resistive contrast under tunneling conditions, with TER values of ~2 at 1 nm 

thickness, which were significantly enhanced to ~750 when the thickness was increased to 3 nm. 

However, their thinnest films exhibited weak PFM and CAFM domain contrast, suggesting there 

was only marginal polarization stability at 1 nm. Moreover, there was no verification that the 

transport remained tunneling-dominated across the full thickness range. 

Meanwhile, Gruverman et al. demonstrated switchable tunneling resistance in BTO films 

as thin as 2.4 nm (6 unit cells) grown on STO (compressive strain of 2.38 %), reporting a TER of 

~7, which increased to ~80 for 4.8 nm films, with current densities in order of 106 A/cm2.4 Since 

2.4 nm was their experimental lower bound, it remains open how a further thickness reduction 

would impact polarization retention. In another study, Guo et al. investigated BTO films grown on 

Si substrates with an STO buffer layer and found that, although layers down to 1.5 nm could be 

fabricated, their TER nearly vanished, likely due to the loss or instability of switchable polarization 

at such low thicknesses. They identified an optimal TER of ~158 for 2 nm films, followed by a 

decrease at larger thicknesses, which they attributed to the involvement of transport mechanisms 

other than tunneling.5 Moreover, Wen et al. studied BTO films on DSO and reported TER values 

of ~10 at 12-unit cell (approximately 4.9 nm) thickness. However, temperature-dependent 

measurements revealed that the TER observed at room temperature primarily originated from 

phonon-assisted indirect tunneling, rather than from a polarization-modulated barrier.6 These 

results again highlight that approaching the ultrathin limit often compromises ferroelectric 

retention and that, above the optimal thickness for FTJ functionality, non-tunneling channels can 

dominate.  

In these latter cases, the electromechanical response of the ferroelectric films was also 

probed by PFM, confirming stable polarization switching. Several other reports have shown TER 
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effects in even thinner BTO films, indirectly implying that the films remain switchable; however, 

direct investigations of domain writing and retention using PFM remain relatively scarce. A case 

in point is the work of Li et al. 7, who explored FTJs incorporating ultrathin BTO layers and 

observed distinct resistance states even in a 2-unit cell film (approximately 0.8 nm), with a TER 

ratio of ~4, but PFM switching at this minimum thickness was not demonstrated, so the retention 

of the written state under zero bias remains unclear.  

Taken together, the state of the art shows that (i) polarization stability at the few-unit cell 

limit is often marginal or undocumented, (ii) large TER, generally observed at larger thickness (2-

10 nm range) can partly stem from non-tunneling channels or indirect processes, and (iii) robust, 

direct PFM verification of ultrathin retention is rarely paired with transport data. Motivated by 

these gaps, we examine whether our pABA functionalization strategy can stabilize ferroelectricity 

in few-unit cell BTO while preserving a tunneling-dominated regime. We explicitly combine PFM 

(for domain writing/retention) with I–V/CAFM (for transport) to assess TER mechanisms and 

compare performance against prior BTO-based FTJs. We demonstrate that 2-unit cell BTO films 

grown on DSO, when integrated with molecular top electrodes, exhibit bi-stable polarization 

switching as confirmed by PFM, and show clear and reproducible resistive switching with well-

separated ON and OFF states both at nanoscopic level confirmed by CAFM and also at device 

level using top graphite electrodes and tested via macroscopic I-V curves.  

 

5.2 Structural and ferroelectric characterization of 2-unit cell BTO films 

BTO films of 2-unit cell thickness, grown under the optimized conditions described in 

Chapter 2 and with a growth pressure adjusted to 25 mTorr, were selected as the basis for most of 
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the experiments in this Chapter. Given their extremely small thickness, the BTO film reflection in 

XRD scans is barely detectable and extremely broad (inset Fig. 5.1a) . Hence, we turn to HR-TEM 

to examine the thickness and structural quality. The images reveal atomically sharp interfaces and 

uniform contrast, confirming coherent epitaxial growth even at the ultrathin limit (Fig. 5.1a). To 

further verify the film composition and thickness, cross-sectional Electron Energy-Loss 

Spectroscopy (EELS) elemental mapping was performed. Clear contrast in the Sr, Ru, Ti, and Ba 

maps confirms the presence of precisely 2 BTO unit cells sandwiched between the SRO electrode 

and the surface (Fig. 5.1a, bottom panels). 

The ferroelectric properties were then probed by PFM lithography. On bare 2-unit cell BTO 

films, written domains showed no phase contrast (Fig. 5.1b, top), consistent with lack of 

ferroelectricity or poor retention below the critical thickness. By contrast, pABA-functionalized 

films exhibited stable phase contrast with defined domain boundaries (Fig. 5.1b, bottom). This 

indicates that the molecular layer provides efficient surface screening and stabilizes polarization 

switching at the atomic-scale limit. SS-PFM was also performed on both bare and functionalized 

areas. Although bare BTO did not show any hysteretic behavior upon application of voltage, 

pABA-functionalized areas, showed a robust hysteresis loop, observed through both phase and 

amplitude signals (Fig. 5.1c).  
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Figure 5.1 (a) HR-TEM image of a 2-unit cell BTO/SRO/DSO heterostructure with elemental EELS maps 

confirming the presence of Ba, Ti, Sr, and Ru across the interface (inset: XRD scan showing the weak (002) 

BTO reflection alongside SRO and DSO peaks). (b) PFM topography, phase and amplitude images (from 

left to right) comparing bare and pABA-functionalized 2-unit cell BTO films, demonstrating stabilization 

of polarization switching by molecular functionalization. (c) SS-PFM hysteresis loop of pABA-

functionalized area. 

 

The consistency of the domain lithography results was verified by repeating the 

measurements at multiple locations across the sample. To further assess the retention of the written 

domains, consecutive PFM read scans were performed immediately after writing, followed by 

additional scans after several hours. The written regions consistently exhibited clear phase contrast 

at the domains and amplitude contrast at the domain boundaries, confirming the robust retention 

and stability of the polarization state in the pABA-functionalized films (Fig. 5.2) over a time scale 

of hours. Subsequently, nominally 1- and 4-unit cell BTO films were also prepared by halving and 
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doubling the growth time of the 2-unit cell reference, respectively. These were included in later 

experiments to further probe thickness dependence at the atomic limit. 

 

Figure 5.2 Sequential PFM phase (upper panels) and amplitude (bottom panels) images of pABA-

functionalized 2-unit cell BTO film showing the temporal stability of the written domains. The images 

correspond to the first to fourth consecutive read scans after writing, followed by an additional scan 

performed several hours later.  

 

5.3 Polarization-dependent tunneling and TER characterization by CAFM 

To study the TER effect, we monitored polarization switching via PFM, and examined its 

correlation with local conductivity, measured by CAFM. In CAFM, a conductive AFM tip is 

brought into contact with the sample surface while a voltage bias is applied between the tip and 

the bottom electrode, allowing to capture the current response of different domain 

configurations.3,4,8–11 The tip simultaneously acts as a movable top electrode and a local probe for 

tunneling or leakage currents. A low-noise current amplifier integrated into the AFM system 

records the current flowing through the tip–sample junction during either surface scans or 

stationary point measurements. In mapping mode, the tip scans the surface under a fixed bias, 

producing spatially resolved current maps that directly correlate local conductivity with 
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ferroelectric domain patterns. In point-spectroscopy mode, the tip is positioned at a selected site, 

and the bias is swept to record local I–V characteristics, enabling direct comparison of transport 

properties for different polarization states. To extend the accessible current range while 

maintaining sensitivity at low signals, a dual-gain ORCA current-sensing holder (Asylum 

Research) was used, allowing reliable measurements from the picoampere to microampere scale.  

To investigate the polarization-dependent tunneling behavior in the pABA-functionalized 

2-unit cell BTO films, ferroelectric domains were first written using the PFM setup by applying 

local bias voltages through the conductive AFM tip, following the same writing pattern as shown 

in Fig. 5.2. After domain writing, we moved to the CAFM configuration, where current mapping 

was performed over the same pre-poled regions of a representative sample to assess the local 

current response. As shown in Fig. 5.3a the CAFM current maps, recorded with read voltage of 

1.5 V applied to the sample, reveal a distinct contrast between polarized areas with +10 V and –

10 V, corresponding to downward and upward polarization, respectively. The down-polarized 

domains exhibit higher currents, in line with the expected decrease in electrostatic average barrier 

height when polarization points toward the bottom electrode. Within these down-polarized regions, 

some spatial inhomogeneities in the current distribution are observed and they were consistently 

present across several repeated measurements and appear to be inevitable. They may arise from 

limitations such as tip degradation, local surface contamination, or slight variations in tip–sample 

contact conditions during CAFM mapping.  
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Figure 5.3 (a) CAFM current map acquired at a read voltage of 1.5 V on a pABA-functionalized 2-unit cell 

BTO film after writing ferroelectric domains with ±10 V, showing higher current in the down-poled region 

(P↓) compared to the up-poled regions (P↑). (b) Representative short-range I–V curves acquired on down-

poled (red, +10 V written) and up-poled (black) regions of the 2-unit cell pABA-functionalized BTO film, 

showing the polarization-dependent tunneling contrast used to extract the TER  ratio. The insets display 

the same I–V data in linear scale. (c) Comparison of TER ratios as a function of ferroelectric barrier 

thickness from literature; the green star highlights the performance of this work (pABA-functionalized 

BTO/SRO/DSO). (d) WKB fitting of the I–V characteristics shown in (a), restricted to the low-bias range 

(–0.5 V to +0.5 V) where the WKB approximation is valid. Red open circles correspond to the ON-state 

current (P↓), black open circles to the OFF-state current (P↑), and the blue curves represent the 

corresponding WKB fits. The extracted barrier heights (𝜑₁, 𝜑₂) for each polarization state are indicated in 

the figure. 
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To more directly assess the polarization-dependent tunneling contribution, we performed 

point I–V measurements on selected down ↓ and up ↑ domains written with, respectively, +10 V 

and -10 V. The I-V measurements were measured at sub-coercive voltages (±1 V) to prevent 

switch-back during the measurement. The I-V curves show higher conductance on the down-poled 

regions (Fig. 5.3b), in agreement with the contrast observed in the CAFM current maps and with 

the expected polarization-modulated reduction of the average barrier height. We note that the 

absolute current values obtained in static I–V mode are higher than those extracted from CAFM 

maps around the same nominal read bias. Although the exact origin of this discrepancy cannot be 

unambiguously established, such differences are not uncommon in CAFM measurements12 and 

may reflect practical factors such as the shorter dwell time per pixel during mapping versus 

spectroscopy mode. More reliable CAFM detection schemes can be achieved by coupling the AFM 

setup with an external voltage source–measured unit, as demonstrated in the work of Gruverman 

et al.4  

Importantly, however, the qualitative trend—higher current on down-poled regions and 

lower current on up-poled ones—remains consistent, reinforcing the interpretation that the low-

bias contrast arises from polarization-modulated tunneling. Furthermore, assuming a tip–sample 

contact area of approximately 20 nm in diameter, the corresponding ON-state current density 

values are estimated to be on the order of 1 × 10⁶ A/cm². This magnitude is consistent with 

previously reported current densities for ultrathin BTO films measured by CAFM.4 To place our 

findings in a broader context, we compiled previously reported TER ratios for various ferroelectric 

tunnel junctions using BTO films on different substrates and interfaces (Fig. 5.3c). Our data point 

(green star), is taken from the local contrast extracted from the point I–V measurements performed 

directly on down and up-poled regions, and it shows that despite the ultrathin 2-unit cell thickness 
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and the use of only a moderate compressive strain from a DSO substrate, our device exhibits an 

electroresistance ratio of approximately 45, that surpasses all previous quoted TER values in the 

sub-nm thickness range.  

To further analyze the transport mechanism, the ON and OFF state currents shown in Fig. 

5.3b were fitted using a Wentzel–Kramers–Brillouin (WKB) tunneling model, derived by 

Gruverman et al.,4 as shown in Fig. 5.3d.  This analytical approach has since been widely adopted 

in subsequent studies of ferroelectric tunnel junctions to extract effective barrier heights and 

elucidate polarization-dependent transport behavior in ultrathin films.12–16 The model describes 

electron tunneling through an asymmetric trapezoidal barrier17 defined by two interfacial barrier 

heights, 𝜑₁ and 𝜑₂. The derivation relies on the key assumption that the voltage is not too large: 

𝐽(𝑉) =  𝐶 ∗

               𝑒𝑥𝑝 { 𝛼(𝑉) [ (𝜑2 −
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 where 𝐶 is a prefactor containing physical constants and 𝛼(𝑉) is defined as: 

𝛼(𝑉)  =   
4 𝑑 (2𝑚)

1
2

[ 3 ħ ( 𝜑₁ +  𝑒𝑉 −  𝜑₂ ) ]
                                                                                                                    (5.2) 

Where 𝑚 and 𝑑 are the effective tunneling electron mass and barrier width respectively. We 

simplified the model by grouping constant terms into two phenomenological parameters 𝐶 and 𝛼0, 

while keeping 𝜑₁ and 𝜑₂, as the physically meaningful quantities describing the interfacial barrier 

heights. This preserves the voltage dependence of the WKB model while enabling stable numerical 

fitting. 



Page | 104 

 

𝛼0  =   
4 𝑑 (2𝑚)

1
2

3 ħ 
                                                                                                                                                     (5.3) 

 

Because the WKB approximation is accurate only in the low-bias regime, the fitting was 

restricted to –0.5 to +0.5 V. Barrier heights were constrained to values 0–2 eV. Nonlinear 

Levenberg–Marquardt fitting in Origin yielded stable convergence and high goodness-of-fit (R² ≈ 

0.97–0.98) for the ON-state currents. The extracted barrier heights were 𝜑₁= 0.517 ± 0.076 eV and 

𝜑₂= 0.250 ± 0.016 eV. The OFF-state (high-resistance) currents exhibited only moderate 

agreement with the WKB model (R² ≈ 0.90), and the fits were significantly more sensitive to initial 

conditions and parameter bounds. Nevertheless, approximate barrier values could be extracted, 

yielding 𝜑₁= 0.25 ± 0.003 eV and 𝜑₂= 0.91 ± 0.10 eV. To put these values into context, the 

extracted barrier heights are consistent in magnitude and relative asymmetry with those previously 

reported by Gruverman et al. for a 4.8 nm BTO tunnel junction, where 𝜑 values were reported as 

0.48 and 0.96 eV for polarization pointing down (ON state), and 0.24 and  1.52 eV for polarization 

pointing up (OFF state). The poorer fit quality and the markedly asymmetric barrier profile can be 

an indication that the OFF-state transport mechanism is not dominated solely by direct tunneling. 

Such a conclusion would be consistent with prior reports on ferroelectric tunnel junctions, where 

the high-resistance state often transitions to thermionic (Schottky) emission or a mixed tunneling–

thermionic transport regime, rather than pure quantum tunneling.12   

 

5.3.1 Thickness dependence of the TER and mechanisms 

Expanding the scope of our investigation, we also prepared and analyzed 1- and 4-unit cell 

BTO samples functionalized with pABA, to evaluate thickness-dependent tunneling phenomena. 
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For 1-unit cell sample, the phase contrast observed during the first scan immediately after writing 

showed a 180° difference between the down-poled domain and the surrounding area. However, 

this contrast was only apparent in the initial scan and tended to diminish in subsequent scans (Fig. 

5.4a). The transient nature of the contrast suggests that it may not originate from a stable 

ferroelectric polarization but could instead result from surface charging effects or localized charge 

injection induced during the bias application. Furthermore, the amplitude does not display well 

defined domain walls.18 Presently, it was not possible to establish whether the lack of contrast was 

due to lack of true ferroelectricity, fast domain relaxation, or the absolute value of the deformation 

of a 1- unit cell layer being too small for the PFM to detect it. We also cannot rule out incomplete 

formation of a homogeneous 1-unit cell BTO layer during the short deposition time of 5 minutes. 

Further HR-TEM analysis could help clarify this issue. For now, in any case, we regard this 1- unit 

cell sample as inconclusive.  

 

Figure 5.4 PFM phase (upper panels) and amplitude (bottom panels) images of 1-unit cell (a) and 4-unit 

cell (b) BTO films after poling the samples with ±10 V, during first and second scan subsequently after 

writing. The images show a rapid disappearance of the phase contrast and an absence of well-defined 
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amplitude signals at the domain boundaries for 1-unit cell sample, indicating an unstable or non-

ferroelectric behavior.  

 

For the 4-unit cell sample, clear signatures of stable polarization switching were observed, 

as evidenced by the persistent phase contrast in subsequent PFM scans (Fig. 5.4b) and the presence 

of well-defined amplitude signals at the domain walls—behavior consistent with that observed for 

the 2-unit cell film shown in Fig. 5.2. Moving on to the CAFM measurements, the 4-unit cell 

sample also exhibited distinct current signals in the down-poled regions (Fig. 5.5a), similar to those 

observed in the 2-unit cell samples. This behavior confirms that, in our pABA-functionalized BTO 

heterostructures, switching the polarization with stable screening of the switched domain is 

enabled by our organic molecules, thus facilitating resistive switching. The currents in the 4-unit 

cell film are notably lower than those of the 2-unit cell sample at the same read voltage (1.5 V, see 

scale bars in Fig. 5.3). This reduction is consistent with an expected decrease in total current 

density as the tunneling barrier thickness increases.4,13,19  

 

Figure 5.5 CAFM current map acquired at a read voltage of 1.5 V on a pABA-functionalized 4-unit cell 

BTO film after writing domains with ±10 V, showing higher current in the down-poled region (P↓) compared 
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to the up-poled regions (P↑). (b) shows the local I–V spectroscopy recorded directly on the written domain 

area, exhibiting suppressed low-bias current and asymmetric behavior at higher voltages. 

 

Additionally, local I–V spectroscopy performed directly on the written domains (Fig. 5.5b) 

captures the transport characteristics of both the ON state (down-polarized, +10 V written) and the 

OFF state (up-polarized, −10 V written). In both polarization configurations, the current remains 

largely suppressed at low bias and increases more strongly beyond approximately −2 V, 

accompanied by a pronounced asymmetry between the positive and negative bias branches. Such 

rectifying-like behavior may indicate that transport in this thickness is increasingly influenced by 

thermionic injection processes, rather than pure tunneling conduction. These results suggest a 

gradual transition in the dominant transport mechanism as the barrier thickness increases13,20, with 

the influence of thermally activated carrier injection becoming more pronounced in the 4-unit cell 

regime. 

Based on the results obtained in the previous sections, particularly the CAFM current 

mappings and the direct short-range I–V measurements performed on pre-poled regions, the 2-

unit-cell pABA-functionalized BTO film provides the most reliable and well-defined polarization-

dependent tunneling response. This optimal thickness therefore serves as the basis for the next part 

of the study, where large-area top electrodes are added to enable macroscopic electrical 

characterization in a device-like structure. 
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5.4 Adding large-area top electrode for macroscopic measurements 

5.4.1 Graphite flakes as soft top contact 

In the present section, we employed graphite flakes as soft top electrodes, transferred via 

a stamping method designed to minimize surface damage and ensure preservation of the molecular 

interface in our pABA-functionalized 2-unit cell BTO films. Specifically, flakes were exfoliated 

from Highly Oriented Pyrolytic Graphite (HOPG) using a PDMS stamp and gently transferred 

onto the BTO surface at a mild temperature of ~60 °C to facilitate adhesion. The AFM topography 

and optical image of the flake is shown in Fig. 5.6a (approximate dimensions of 50 μm × 50 μm). 

Macroscopic I–V characterization was performed using a Radiant ferroelectric tester. In this setup, 

a triangular or pulsed voltage waveform is applied across the graphite/pABA/BTO/SRO 

heterostructure, while the resulting current is measured by a high-sensitivity charge integration 

circuit. This configuration allows the tester to accurately capture current–voltage response, 

providing complementary information to the local CAFM-based measurements. 
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Figure 5.6 Electrical characterization of graphite flakes used as soft top contacts on 2-unit cell BTO films. 

(a) AFM topography of the transferred graphite flake (inset shows optical image). (b) Representative long-

range I–V sweep measured using a PDMS-transferred graphite flake. (c) PFM phase loops recorded on the 

graphite, showing location-dependent polarization switching behaviors. (d) Low-bias I–V measurements 

after presetting with +10 V (P↓) (red points) and –10 V (P↑) (black points), showing higher current in the 

down-polarized state.   

 

As shown in Fig. 5.6b, long-range voltage sweeps were performed on the graphite flake, 

and a representative I–V curve is shown. The I–V curve displays a current spike near 4 V, which 

is comparable to the coercive voltages previously obtained from SS-PFM measurements (Fig. 

5.1c), suggesting that the observed current enhancement is linked to polarization switching. A clear 
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asymmetry in the I–V curve is evident between positive and negative voltage sweeps. For example, 

there is a noticeable drop in current around –2 V but increasing the negative voltage beyond this 

point does not fully restore the initial low-current state expected for OFF state configuration. The 

observed asymmetry could be related to imperfect integration of the graphite flake with the 

underlying pABA layer in our device structure. Any local detachment, contamination, or 

incomplete contact between the graphite and the organic interface could interfere with the effective 

screening or switching dynamics, thus preventing full reversal of polarization during the negative 

sweep. Further supporting this interpretation, PFM hysteresis loops acquired by contacting 

different parts of the graphite flake with the AFM tip (Fig. 5.6c) reveal two distinct switching 

behaviors. In some areas, loops resemble those obtained on pABA-functionalized BTO without 

graphite, albeit with a reduced phase shift of ~150°, likely suggesting partial switching or restricted 

forward domain growth. In other regions, a full 180° phase shift is observed, but the loops are 

shifted toward negative voltages, indicating a built-in electric field that favors down-polarized 

domains—potentially stabilized by the overlying graphite layer. In the future, optimized electrode 

preparation, e.g. following the approach outlined in Ref.21 with graphene or graphite patches, 

together with the pABA molecular layer, may help in obtaining a more homogeneous electrical 

contact.  

To directly assess the effect of polarization orientation on the tunneling current, we 

performed low-bias I–V measurements after presetting the sample with +10 V (to induce 

downward polarization) and –10 V (to induce upward polarization), as shown in Fig. 5.6d. The 

resulting curves display a higher current in the down-polarized state, consistent with polarization-

modulated average barrier height, giving rise to tunneling electroresistance effect. Considering the 

approximate size of the graphite flake used as the top electrode, the estimated current density 
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values are almost on the order of 1 × 105 A/cm⁻², which is about one order of magnitude lower 

than those obtained from the local short range I–V measurements presented in Fig. 5.3.  

 

5.5 Concluding remarks 

In summary, we have demonstrated that stable polarization switching can be achieved in 

BTO films as thin as 2-unit cells when functionalized with a pABA molecular layer, a prerequisite 

for realizing ferroelectric tunnel junctions. Using conductive AFM, we investigated the tunneling 

response of these ultrathin films and explored the transport mechanisms underlying the resistive 

switching behavior. While our work establishes a consistent framework for analyzing resistive 

switching in molecularly functionalized ultrathin FTJs, there remain several directions for 

improvement.  

In particular, electrodes other than the tip of an AFM are needed for real devices, and the 

attempt with graphite transfer has yielded mixed results: there is TER, but with a lower value than 

in AFM-based measurements, and switching spectroscopy suggests inhomogeneous interfacial 

quality. Better integration of graphene/graphite electrodes with the pABA molecular layer could 

help ensure a clean and reliable contact between the electrode, the organic layer, and the BTO 

surface, thereby enhancing the TER. The use of lithographically defined electrode areas would 

also allow better control over junction size and reproducibility. Finally, temperature dependance 

measurements would further confirm the tunneling characteristics of the transport mechanism. 

Together, these refinements could enhance device performance and further clarify the conduction 

mechanisms at play in ultrathin ferroelectric tunnel junctions. 
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6 Summary and outlook 
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6.1 Summary 

In this thesis, my primary goal was to address some of the key challenges associated with 

ferroelectric thin films and to highlight the crucial role played by depolarizing fields in determining 

their performance. The strategy was to explore alternatives to conventional screening mechanisms 

by employing molecular electrodes, referring specifically to organic molecules with resonance 

structures. Accordingly, the central focus of this work has been the study of the ferroelectric 

functionalities of BTO thin films functionalized with pABA. I began by optimizing the growth of 

high-quality BTO/SRO structures on DSO substrates using RF-sputtering, as this formed the basis 

for all subsequent functionality studies. 

Chapter 2: Through growth optimization, I demonstrated how the dynamic interplay between 

growth parameters can induce transitions between different growth modes. In particular, I showed 

that increasing the sputtering power, which enhances the flux of energetic ions and the surface 

diffusivity of adatoms, results in a transition from island-like growth mode with trenches to a more 

desirable two-dimensional, layer-by-layer morphology. 

Chapter 3: I investigated switching dynamics in the BTO thin films through a series of writing-

speed experiments and demonstrated that, in bare BTO, screening by atmospheric adsorbates fails 

to maintain homogeneous domain formation beyond a critical writing speed, due to the slow 

reorientation of adsorbates required to screen the switched polarization. By contrast, incorporation 

of pABA molecules significantly mitigated this constraint, enabling stable domain writing up to 

speeds of ~1 mm/s—an improvement by at least a factor of 22 relative to bare BTO surfaces. The 

thickness of the pABA-functionalized domains also showed a much lower dependence on writing 

speed than their bare-BTO counterparts.  
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Chapter 4: I also looked at the long-term stability of written domains as a function of 

thickness. Reducing the thickness of bare BTO below ~10 nm thickness, results in domain back-

switching and loss of macroscopic polarization on a time scale of minutes. Further thinning leads 

to rapid back-switching and a marked suppression of the measurable polarization magnitude. In 

contrast,  incorporating pABA molecules substantially reinforces polarization stability across all 

thicknesses examined: regardless of the initial domain configuration, both polarization directions 

could be uniformly and stably written down to a thickness of 2-unit cells. 

 

Chapter 5: Through nanoscale current-transport measurements, I showed that, in the 

ultrathin regime where polarization is stabilized via the pABA molecular layer, the average barrier 

height for electron tunneling is modulated by the polarization direction, resulting in higher 

tunneling currents when the polarization points downward, toward the bottom electrode (Low 

Resistance State(LRS)) and lower currents when it points upward (High Resistance State(HRS)). 

For the 2-unit cell sample, the corresponding TER ratio reached values of approximately 45, which 

is at least one order of magnitude higher than those typically reported for BTO films of comparable 

thickness. Large-area graphite electrodes placed on pABA-functionalized-2-unit-cell 

BTO/SRO/DSO structures, reproduce the same polarity-dependent current contrast: downward 

polarization consistently yields higher current compared to the upward orientation. These results 

point to pABA as a promising pathway for improving ferroelectric tunnel junctions. 

 

6.2 Future works  

Beyond the scope of the discussions presented in this thesis, the work carried out here 

opens several promising directions for future research. 
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- Other ferroelectrics. A natural extension would be to explore pABA functionalization on a 

broader range of ferroelectric materials. It would be valuable to examine whether the strong surface 

bonding observed between pABA and BTO—and more generally, the interaction of conjugated 

organic molecules capable of delocalized electronic resonance—can be replicated on other 

ferroelectric surfaces. Such studies may reveal whether similar enhancements in switching 

dynamics and stability can be achieved in ultrathin ferroelectrics. In addition, applying these 

concepts to antiferroelectric systems that undergo ferroelectric transitions below a critical 

thickness could offer an efficient route toward stabilizing ferroelectricity in otherwise unstable 

regimes. 

- Photovoltaics. Beyond the role of pABA molecules for screening depolarizing fields agents 

to improve switching dynamics and stabilize polarization in ultrathin ferroelectric films, as 

demonstrated in this thesis, I believe there are further interesting opportunities for future works, in 

which pABA molecules can be utilized. pABA molecules are already used in organic–inorganic 

hybrid Perovskite Solar Cells (PSCs), where adding the molecular layer enhances power 

conversion efficiency and open circuit voltage by minimizing charge recombination.1 Also, 

adsorption studies of pABA on TiO2 surfaces has showed that incorporation of the molecular layer 

enables sub-bandgap absorption, resulting in reduction in optical bandgap observed in UV-visible 

spectrum.2 These observations suggest that exploring such interfacial engineering strategies in 

ferroelectric materials may provide pathways to enhance photocurrent generation or broaden 

absorption spectra in ferroelectric devices. 

- Coupled functionalities. A final intriguing avenue involves coupling ferroelectric tunnel 

junctions with photovoltaic effects. There are works that have previously investigated coupling, 

however, the report was mostly focused on engineering resistive states of the ferroelectric tunnel 
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junction, by photovoltaic effect in a Nb-doped STO substrate.3 In this medium, the ferroelectric 

layer itself is not considered as the light sensing medium: the doped substrate absorbs the light and 

generates the electron-hole pairs, and the ferroelectric layer separates them. If pABA 

functionalization can indeed reduce the optical bandgap of ferroelectrics such as BTO, as 

suggested by related studies, the ferroelectric material itself can absorb more light and,  promote 

charge separation/reduce charge recombination when polarization-controlled depletion widths 

become comparable to the film thickness.4 Under such conditions, both tunneling currents and 

photovoltaic contributions could traverse the same medium being the ferroelectric layer, 

potentially leading to increased current densities and/or novel device functionalities. 

 

 

 

 

 

 

 

 

 



Page | 120 

 

References 

1 Y. Zou, Y. Liang, C. Mu, and J.P. Zhang, “Enhancement of Open-Circuit Voltage of Perovskite 

Solar Cells by Interfacial Modification with p-Aminobenzoic Acid,” Adv Mater Interfaces 7(1), 

(2020). 

2 A.G. Thomas, M.J. Jackman, M. Wagstaffe, H. Radtke, K. Syres, J. Adell, A. Lévy, and N. 

Martsinovich, “Adsorption Studies of p-Aminobenzoic Acid on the Anatase TiO2(101) Surface,” 

Langmuir 30(41), 12306–12314 (2014). 

3 W. Jin Hu, Z. Wang, W. Yu, and T. Wu, “Optically controlled electroresistance and electrically 

controlled photovoltage in ferroelectric tunnel junctions,” Nat Commun 7(1), 10808 (2016). 

4 Z. Tan, L. Hong, Z. Fan, J. Tian, L. Zhang, Y. Jiang, Z. Hou, D. Chen, M. Qin, M. Zeng, J. Gao, 

X. Lu, G. Zhou, X. Gao, and J.-M. Liu, “Thinning ferroelectric films for high-efficiency 

photovoltaics based on the Schottky barrier effect,” NPG Asia Mater 11(1), 20 (2019). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

  



Page | 123 

 

 

7 Appendix 
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Appendix A: Fundamentals of piezoresponse force microscopy  

Local poling of ferroelectrics by AFM was first demonstrated by Güthner and Dransfeld 

(1992)1, who polarized nanometer-sized regions in a poly(vinylidene fluoride–trifluoroethylene) 

film by applying a DC bias between a conductive tip and the bottom electrode. The resulting 

piezoelectric vibration was detected through the cantilever deflection under an applied AC signal, 

marking the first realization of nanoscale polarization control and detection. The subsequent 

development of PFM transformed this concept into a versatile tool for probing ferroelectric 

behavior at the nanoscale. PFM is a contact AFM-based technique in which a conductive AFM tip 

acts simultaneously as a local top electrode and as a mechanical deflection sensor while scanning 

the sample surface. The principle of the method relies on the inverse piezoelectric effect, where a 

piezoelectric material undergoes mechanical deformation in response to an applied electric field. 

By applying a small AC modulation voltage through the conductive tip in contact with the surface, 

the resulting electromechanical vibration of the sample is transmitted to the cantilever. The 

oscillation amplitude reflects the magnitude of the local piezoelectric response, while the phase 

shift relative to the driving voltage reveals the orientation of the polarization (upward or 

downward). In addition to vertical PFM, where out-of-plane sample deformation is detected as 

cantilever deflection, PFM can also be performed in lateral mode, in which in-plane piezoresponse 

is measured through cantilever torsion. 

Beyond imaging domain structures, PFM provides direct access to the functional 

electromechanical properties of ferroelectrics, such as local hysteresis behavior and coercive 

voltage, through SS-PFM, under operating conditions. During lithography and SS-PFM, the 

application of a DC bias larger than the coercive voltage to the AFM tip—either in static contact 

or during scanning—enables local modification of polarization through the process of polarization 
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switching. This combination of AC excitation and DC bias control allows both the imaging and 

manipulation of ferroelectric domains, making PFM a powerful tool for investigating switching 

dynamics and domain evolution at the nanoscale.2 

 

Figure A.1 (a) Schematic PFM setup, and the principle of (b) vertical and (c) lateral PFMs, adapted from 

Ref [3].  

 

In PFM, the measured piezoresponse amplitude, A, consists of three major contributions: 

the true electromechanical response of the material (Apiezo), electrostatic interactions between the 

tip and sample (Ael), and non-local contributions arising from long-range capacitive interactions 

between the cantilever body and the surface (Anl).
3,4 For reliable quantitative imaging, it is crucial 

to maximize Apiezo, thereby ensuring that the observed contrast predominantly reflects 

electromechanical effects. Depending on the tip–sample interaction regime, the nature of the signal 

varies. In the strong indentation regime, the contact is sufficient to directly extract piezoelectric 

coefficients, offering quantitative insight into the material’s ferroelectric response. In contrast, the 
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weak indentation regime still allows for indirect extraction of ferroelectric behavior, though the 

measurements are more sensitive to the local surface conditions. In the purely electrostatic regime, 

however, long-range interactions dominate, and the piezoelectric properties become inaccessible.  
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Appendix B: Strain analysis of BTO/SRO films on different substrates 

This appendix summarizes complementary investigations performed to understand how 

substrate-induced strain influences the structural and functional behavior of BTO/SRO 

heterostructures. These studies provided the initial framework for substrate selection and strain 

control, in the work discussed in the main chapters.  

 

B.1 Introduction 

The choice and preparation of the substrate is substantially critical in functionalities of 

ferroelectric thin films. The substrate lattice constant dictates the strain imposed on the overlaying 

film: lattice-matched substrates enable growth close to the film’s natural state, while lattice-

mismatched substrates can impose compressive or tensile strain that substantially modifies 

functional properties.1,2
 Coherently strained BTO, for example, shows transition temperatures 

hundreds of degrees higher and markedly larger remanent polarization than bulk, underscoring the 

leverage of substrate-imposed strain.3 Importantly, strain has also been shown to strongly influence 

coercive fields: both experiments and phase-field simulations demonstrate that modest changes in 

epitaxial strain can lead to large variations in switching fields, linked to changes in domain wall 

mobility, polarization variants, and phase coexistence.4,5 Equally important is how strain evolves 

with thickness. As films thicken, relaxation occurs and—crucially—often does so 

inhomogeneously, producing strain gradients rather than a single uniform strain value; these 

gradients couple to polarization via the flexoelectric effect and can smear dielectric anomalies and 

depress permittivity.6 In Ba₀.₅Sr₀.₅TiO₃, such thickness-dependent relaxation shifts the apparent 

Curie temperature and lowers the dielectric constant at high compressive strain, directly linking 
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strain state to dielectric response.7  Moreover, theory shows that flexoelectric coupling can raise 

the critical thickness for switchable ferroelectricity because strain gradients are unidirectional 

rather than bipolar.8 

Based on what we have discussed, strain states strongly influence the quality and functional 

performance of ferroelectric thin films. The following section details the PLD–based strain 

analysis performed on BTO/SRO heterostructures grown on substrates with different lattice 

mismatches. These investigations encompass a systematic study of strain accommodation across 

several strain series, including the effects of film and electrode thickness on relaxation behavior. 

In addition, complementary X-ray Photoelectron Spectroscopy (XPS) analyses were carried out to 

evaluate near-surface cation stoichiometry and its correlation with the degree of relaxation. 

Together, these results define the optimal lattice-mismatch window for coherent growth and reveal 

how structural and compositional factors evolve as strain relaxes. Furthermore, preliminary 

ferroelectric benchmarking was performed by SS-PFM to assess the switching behavior of the 

optimized heterostructures. The insights obtained from these PLD experiments established the 

substrate selection criteria and provided the fundamental guidelines for the growth-mode 

optimization studies presented in the main text. 
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B.2 Pulsed laser deposition: strain analysis 

In PLD, an intense laser pulse is focused onto the target surface, where its electromagnetic 

energy is first converted into electronic excitations which subsequently relax into thermal, 

chemical, and mechanical energy within the lattice. These processes result in material removal 

through evaporation and ablation, producing a plasma plume containing a mixture of energetic 

species—atoms, ions, electrons, clusters, and even micron-sized particulates. The plume has a 

highly directed, dense shape that rapidly expands in the vacuum chamber to create a jet of material 

directed normal to the target surface.9,10 This plasma plume is directed towards a heated single 

crystal placed opposite the target; upon touching the surface of the crystal, the species in the plume 

condense and crystallize, slowly forming a thin film. 

 

B.2.1 Growth of BTO/SRO heterostructures under substrate-induced strain 

BTO/SRO bilayers were deposited on (001)-oriented STO, (110)-oriented GdScO₃ (GSO) 

and SmScO₃ (SSO), and (110)-oriented NdScO₃ (NSO) substrates using a PLD system with a KrF 

excimer laser (λ = 248 nm). These substrates impose different strain state on the BTO and SRO 

layers. The corresponding lattice misfits between the substrates and the BTO/SRO layers are 

summarized in Table B.1. The deposition temperatures were 635 °C for SRO and 700 °C for BTO, 

with both layers grown in an oxygen atmosphere at a partial pressure of 100 mTorr. The laser spot 

size on the target during growth was kept constant at 0.02 cm². In all cases, the SRO layer was 

deposited with a fixed laser energy of 110 mJ (unless otherwise stated), while the thickness was 

adjusted by varying the number of laser pulses. For BTO, however, the laser energies varied across 
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different strain-series experiments. In the 1st  strain series, both SRO and BTO were grown at 110 

mJ, resulting in an SRO thickness of ~13 nm and a BTO thickness in the range of 22–26 nm. 

 

Table B.1 Lattice mismatch values between different substrates and SRO (3.930 Å) and BTO (4.000 Å). 

Substrate Pseudo cubic a (Å) Misfit vs SRO % Misfit vs BTO % 

STO 3.905 -0.64 % -2.38 % 

GSO 3.968 +0.97 % -0.80 % 

SSO 3.986 +1.43 % -0.35 % 

NSO 4.011 +2.06 % +0.28 % 

 

To investigate the strain state of epitaxial SRO/BTO bilayers, we have recorded RSM 

around substrate Bragg reflection. In RSM, the diffracted intensity is mapped as a function of the 

in-plane (Qx) and out-of-plane (Qz) components of the scattering vector. This allows the 

simultaneous determination of the in-plane and out-of-plane lattice parameters, thereby providing 

direct insight into whether the film is coherently strained to the substrate or has undergone partial 

relaxation. RSM results on our 1st strain series (Fig. B.1) revealed that BTO and SRO films grown 

on SSO and GSO remain coherently strained to the substrates. In contrast, for NSO, the relatively 

large lattice misfit drives relaxation: even though the SRO layer is only ~13 nm thick, it is partially 

relaxed, and the overlying BTO follows the same trend. However, for films grown on STO, while 

SRO remains mostly strained to the substrate—although a subtle shoulder on the right-hand side 

of the SRO peak indicates incipient relaxation—the BTO layer exhibits pronounced relaxation 

despite being below the critical thickness reported for BTO/STO heterostructures.11 Although it is 
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possible that this slight relaxation of SRO influences the relaxation of BTO, these results were 

particularly surprising given that our own later experiments with thicker BTO films (grown on 

correspondingly thicker SRO layers, discussed in the 3rd strain series) showed that BTO can remain 

coherently strained on STO. 
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Figure B.1 RSMs of the 1st and 2nd strain-series BTO/SRO bilayers, collected around the (–103) reflection 

for STO and the (33-2) reflections for GSO, SSO, and NSO. In both series, SRO was grown at 110 mJ to a 

thickness of ≈13 nm, while the BTO laser energy was 110 mJ (1st series) and 90 mJ (2nd series). Coherent 
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strain is observed for GSO and SSO, partial relaxation of both SRO and BTO was observed for NSO 

substrates, and notable relaxation of BTO on STO. 

 

To verify this anomalous relaxation behavior, a 2nd strain series was grown under identical 

conditions for SRO but modified conditions for BTO: the deposition energy was reduced to 90 mJ, 

yielding thinner BTO layers. Again, BTO on STO exhibited partial relaxation, consistent with the 

earlier results; however, in this case, the right-hand shoulder of the SRO peak was no longer 

observed. These findings suggest that the strain states of both layers are strongly interdependent, 

with relaxation arising from their mutual structural interaction rather than from the isolated 

thickness effect of either layer. 

In 3rd strain series (Fig. B.2), the NSO substrate was omitted, since even a 13 nm SRO 

bottom layer was already partially relaxed on NSO, making it unsuitable for further study. In this 

series, SRO was grown with an increased number of laser pulses, yielding a thickness of ~40 nm, 

while the BTO fluence and thickness were kept identical to strain series 1. Interestingly, on STO, 

both SRO and the overlying BTO now appeared much less relaxed, confirming that the improved 

strain coherence is related to the increased SRO thickness rather than an isolated BTO effect. The 

exact mechanism behind this dependence remains unclear, but the increased SRO thickness likely 

allows partial accommodation of the lattice mismatch due to the metallic and somewhat ductile 

nature of SRO, which can locally expand near the interface and thus relieve part of the stress 

transmitted to BTO. Conversely, on SSO, increasing the SRO thickness led to its relaxation, with 

the BTO layer grown on top following the same trend. From these results, we infer that the critical 

thickness for maintaining fully strained SRO is below 13 nm on NSO and between 13 nm and 40 

nm on SSO. Based on these observations—and considering the need for a sufficiently thick and 
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conductive SRO bottom electrode for the electrical measurements carried out in this thesis—we 

conclude that, for our purposes, the most suitable substrates for growing BTO/SRO bilayers are 

those with lattice mismatches in the range of approximately –0.6% to +0.97%, corresponding to 

STO and GSO, respectively. 

 

Figure B.2 RSMs of the 3rd strain series for BTO/SRO bilayers grown on (001) STO, (110) GSO, and (110) 

SSO substrates. In this series, the SRO bottom layer was deposited with a laser energy of 110 mJ and 

increased thickness of ~40 nm (controlled by number of pulses), while BTO was grown with laser energy of 

110 mJ at ~22–26 nm thickness. For STO, both SRO and BTO remain coherently strained to the substrate, 
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in contrast to the first strain series where partial relaxation of BTO was observed. On GSO, both layers are 

strained, while on SSO, the SRO layer shows partial relaxation, which propagates to the BTO film grown 

on top. 

 

B.2.2 Effect of epitaxial strain and relaxation on surface stoichiometry 

In the previous section, we investigated the strain states of our BTO/SRO bilayers grown 

on different substrates and identified a lattice-mismatch window between approximately –0.6 % 

and +0.97 % (corresponding to STO and GSO) as optimal for our purposes, ensuring coherent 

epitaxial growth. Building on those findings, we next aimed to explore whether epitaxial strain 

could also influence the chemical composition of our films. Maintaining a balanced cation 

stoichiometry in BTO is critical for achieving stable ferroelectric properties and reproducible 

lattice parameters, since deviations such as Ba excess or Ti deficiency can lead to lattice expansion, 

defect formation, and altered polarization behavior. Therefore, after completing the strain-

dependence studies, we performed a detailed stoichiometric analysis of our films using XPS. XPS 

is a surface-sensitive technique that provides quantitative information on the elemental 

composition and chemical states of materials. It is based on the detection of photoelectrons emitted 

from core levels upon irradiation with monochromatic X-rays. The measured binding energies 

allow identification of the present elements, while chemical shifts in the core-level peaks provide 

insight into oxidation states, bonding environments, and possible defects. Because its probing 

depth is limited to a few nanometers, XPS is particularly valuable for thin-film systems where 

surface composition and interface quality strongly affect functional properties. 

We first examined the stoichiometry of films from the 3rd strain series, where XPS revealed 

that both STO and GSO samples (nearly fully strained) were Ba-rich (Ba ≈ 61–62 %), whereas the 

relaxed SSO film was closer to stoichiometric (Ba ≈ 57 %, Ti ≈ 43 %). This observation suggested 
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that off stoichiometry may correlate with the degree of epitaxial strain rather than with the substrate 

itself. Motivated by this trend, we designed a follow-up study—the 4th strain series—to investigate 

more systematically whether stoichiometric deviations scale with strain relaxation.  

For this purpose, a new set of BTO/SRO bilayers—referred to as the 4th strain series—was 

grown on STO substrates under compressive strain. In this series, the number of laser pulses used 

for BTO deposition was increased compared to the 3rd strain series, resulting in overall thicker 

films. However, within the 4th series, while the pulse number was kept constant for all samples, 

the laser energy was varied (70, 90, and 110 mJ). This combination produced films with different 

thicknesses and, consequently, different degrees of relaxation. The resulting BTO top layers had 

thicknesses of approximately 32 nm, 39 nm, and 46 nm, respectively. The SRO bottom electrode 

was deposited under identical conditions to the 3rd strain series.  Along with reciprocal space 

mappings (Fig. B.3), XPS was again employed to assess the near-surface cation stoichiometry, 

focusing on the Ba/Ti ratio in relation to the degree of relaxation. The structural parameters, 

deposition conditions, and corresponding near-surface Ba/Ti atomic concentrations for the samples 

from both the 3rd and 4th strain series are summarized in Table B.2. 
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Table B.2 Summary of growth parameters and near-surface Ba/Ti cation ratios for BTO/SRO bilayers in 

the 3rd and 4th strain series. The results indicate that stoichiometric deviations are closely associated with 

the degree of strain relaxation. 

3rd strain series 

(same energy, 

different substrates) 

Substrate BTO energy 

(mJ) 

Thickness/ 

pulse numbers 

Ba 

%At Conc. 

Ti 

%At Conc. 

STO 110 26/331 61.3 38.7 

GSO 110 26/331 62 38 

SSO 110 23/331 57 43 

4th strain series 

(same substrate, 

different energies) 

Substrate BTO energy 

(mJ) 

Thickness/ 

pulse numbers 

Ba 

%At Conc. 

Ti 

%At Conc. 

STO 110 46/1000 51.77 48.23 

STO 90 39/1000 56.8 43.2 

STO 70 32/1000 59.3 40.6 

 

As expected, partial relaxation was most pronounced in the thickest BTO film, a natural 

consequence of its higher thickness resulting from the increased pulse count relative to the 3rd 

strain series. Within the 4th strain series on STO (70/90/110 mJ), the thickest and most relaxed film 

(110 mJ) was the most stoichiometric (Ba ≈ 51.8 %, Ti ≈ 48.2 %), while thinner and more strained 

films (90 mJ and 70 mJ) were progressively Ba-rich. These observations demonstrate a clear 

correlation between strain relaxation and near-surface stoichiometry: as epitaxial constraint 

decreases, the films tend to recover closer to the ideal Ba/Ti ratio. 
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Figure B.3 RSMs around the (–103) reflection of STO for the 4th strain series. All films consist of ~40 nm 

SRO bottom electrodes grown at 110 mJ, with BTO layers deposited at different laser energies (110, 90, 

and 70 mJ from left to right). The maps reveal the effect of laser energy on BTO lattice strain and relaxation 

behavior. 
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Taken together, these comparisons indicate a consistent trend: stoichiometric deviations 

correlate primarily with the degree of epitaxial constraint, with larger deviations observed in fully 

strained films. This suggests that nonstoichiometry may act as an additional strain-accommodation 

mechanism, rather than being dictated by fluence or substrate identity.12–14  Notably, previous work 

has shown that cation nonstoichiometry can significantly reduce the critical thickness for strain 

relaxation, and with optimized growth conditions, fully strained BTO films up to 200 nm have 

been demonstrated on GSO.15 This behavior is often attributed to Ti deficiencies, which expand 

the out-of-plane lattice constant and promote premature relaxation as thickness increases.16 Our 

results therefore imply that chemical nonstoichiometry and elastic relaxation are interconnected 

phenomena, with local compositional deviations contributing to strain relief in ultrathin BTO 

films. While literature also shows that oxygen pressure and laser fluence can be tuned to achieve 

nearly stoichiometric values even in fully strained films15–17, such optimization was not pursued 

here; however, studies suggest that a more moderate oxygen pressure than the 100 mTorr used in 

this study could be beneficial. Finally, we emphasize that XPS is a surface-sensitive probe (≈ top 

few nanometers), and thus bulk stoichiometry throughout the film thickness would need to be 

assessed by Rutherford Backscattering Spectrometry (RBS) or other depth-averaging techniques 

to rule out possible gradients. 

For the flow of this thesis, our goal in the PLD section was strain control. Having found 

that STO and GSO yield similarly off-stoichiometric fully strained films at the surface (where XPS 

probes), while SSO relaxes too readily, we turned to a preliminary SS-PFM hysteresis comparison 

between the fully strained STO- and GSO-based stacks. That quick screen (next section) helped 

us judge which lattice-parameter window was more promising for robust ferroelectric switching 

under our constraints. 
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B.2.3 Ferroelectric benchmarking on fully strained BTO/SRO bilayers analyzed by SS-PFM 

To benchmark the ferroelectric response, SS-PFM measurements were performed on 

strained BTO/SRO bilayers grown on STO and GSO substrates with comparable thicknesses. 

Representative Phase–voltage loops are presented in Fig. B.4a. For films grown on STO, the loops 

are relatively narrow and exhibit low average coercive voltages. In contrast, those grown on GSO 

display broader loops with higher coercive voltages. This contrast can arise from the different 

epitaxial constraints imposed by the substrates. Theoretically and experimentally, both coercive 

fields and remnant polarizations are expected to decrease as compressive strain decreases, since 

weaker substrate clamping enhances domain wall mobility.4,5 However, the relationship is not 

always straightforward. In particular, for example it has been reported that BTO films grown on 

GSO (lower compressive strain) exhibit larger coercive voltages but reduced remanent polarization 

compared to those on DSO (higher compressive strain) (Fig. B.4b).3 In our case, BTO grown on 

STO likely develops a larger remnant spontaneous polarization (not directly visible in SS-PFM 

loops). However, the stronger compressive strain enhances depolarizing fields, which can result in 

back-switching and narrowing the loops. By contrast, BTO on GSO, with a smaller compressive 

misfit, experiences a reduced depolarizing burden, making the switched state more stable and 

producing wider loops. An additional factor may be the SRO bottom electrode: compressive on 

STO but tensile on GSO, which could influence interfacial electrostatics and domain-wall pinning. 
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Figure B.4 a) SS-PFM phase loops for fully strained BTO/SRO on GSO (top) and STO (bottom); each 

curve corresponds to a different probing location. b) P-E loop taken from the work of Choi. et al.3 

 

Although the loops observed on STO closely resemble those previously reported by our 

group for as-grown films of the same structure11, it is important to note that coercive voltages are 

highly sensitive to the defect landscape of the films, and thus to the specific growth method and 

parameters employed. For the initial aim of this thesis—probing polarization-switching kinetics in 

relatively thick (~18 nm) BTO films (Chapter 3)—substrates with in-plane lattice parameters 

closer to GSO were identified as most suitable. At this thickness range, the reduced remnant 

polarization expected on GSO does not hinder ferroelectric performance, while the wider loops 

provide a more favorable window for kinetic studies. Because GSO availability was limited at the 

time of our growths, we proceeded with DSO as a practical proxy (pseudo-cubic lattice  ≈3.94 Å) 

which sits between STO (3.905 Å) and GSO (3.968 Å).  

 

a) 

b) 
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B.3 Concluding remarks 

To conclude this section on PLD growth and strain analysis, the key findings can be 

summarized as follows: 

1. We studied epitaxial strain in BTO/SRO bilayers across different substrates to define the 

optimal lattice mismatch window for coherent growth. 

2. The influence of SRO and BTO thickness on strain relaxation and its correlation with near-

surface cation stoichiometry was systematically investigated. 

3. Under our growth conditions, the strain state was found to govern stoichiometric 

deviations: fully strained films showed the largest Ba/Ti imbalance, while partially relaxed 

films were closest to stoichiometric. 

4. Preliminary PFM hysteresis measurements provided a first indication of increased coercive 

voltages on substrates with lower compressive strain, supporting their suitability for further 

optimization and electrical studies. 
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