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Abstract

Photoferroelectrics effects include a variety of properties observed in materials exhibiting both ferroelec-
tric and photoresponsive properties. Some examples of these effects include the bulk photovoltaic effect,
photostriction, and photorefraction. These effects display a potential for light-driven applications, such
as light-induced ferroelectric switching, light-driven actuators, or holographic data storage.

Bismuth ferrite (BiFeO3) is a prototypical photoferrolectric material due to its high remanent ferroelectric
polarization and relatively narrow bandgap. In addition, the high-temperature stability of the ferroelec-
tric phase and high birefringence make BiFeO3 an interesting candidate for electro-optic modulation.
The bulk photovoltaic and electro-optic properties, combined with the large dark conductivity of BiFeO3,
could make it suitable for transient photorefractive applications, such as reconfigurable waveguides.

Consequently, this thesis reports on the synthesis and photoferroelectric properties of polycrystalline
BiFeO3 films fabricated using solution-deposition methods. High-quality polycrystalline BiFeO3 films
were grown by precise doping and control of the microstructure using seeding strategies. The photo-
voltaic properties were measured, showing that the bulk photovoltaic effect is the main light-induced
charge transport mechanism at zero fields. The influence of stress and doping on the bulk photovoltaic
properties was studied. Additionally, the electro-optic properties were measured using a modified Teng-
Man set-up. Larger Pockels coefficients were measured in films under compressive stress. A drastic
enhancement of the electro-optic response is achieved by combining the Pockels effect and transient fer-
roelectric switching contributions. The results discussed in this thesis highlight the potential of low-cost
polycrystalline BiFeO3 films for light-driven applications.
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Chapter 1

Introduction

Ferroelectric materials exhibit a spontaneous electrical polarization that can be reversed by applying an
external electric field. They belong to the category of noncentrosymmetric materials, meaning they lack
inversion symmetry.[1] The lack of inversion symmetry gives rise to unique photoinduced properties,
including the photorefractive effect and the bulk photovoltaic effect.[2, 3] While these photoinduced ef-
fects exist in all noncentrosymmetric materials, attention is often focused on ferroelectrics because they
offer the ability to control and modify these effects by altering the direction of electrical polarization. As
a result, these effects are classified as photoferroelectric effects.[4]

The recent resurgence of interest in photoferroelectrics has primarily focused on the bulk photovoltaic
effect. Although the bulk photovoltaic effect, arising from the noncentrosymmetric structure of ferro-
electrics, was extensively studied in the 1970s, it has remained an academic curiosity due to its low effi-
ciency.[2]However, recent reports have suggested that ferroelectricmaterials could play an important role
in solar energy harvesting applications.[5] It has been proposed that the involvement of non-thermalized
carriers in charge carrier separation could potentially circumvent the thermalization losses inherent in
classical solar cells.[6] Nonetheless, both theoretical calculations and experimental results indicate that
themicroscopic mechanisms responsible for the bulk photovoltaic effect are orders of magnitude less effi-
cient than classical p-n junctions. The photon conversion efficiencies achieved with the bulk photovoltaic
effect typically remain on the order of 10-5.[7, 8]

Consequently, efficiency should not be the primary research objective of studies on the bulk photovoltaic
effect.[8, 9] The focus should be placed on the generation of extremely large switchable photovoltages.[10]
It has been reported that photovoltages larger than 1000V can be achieved when the bulk photovoltaic
effect is themain charge-carrier separationmechanism.[11] In classical semiconductor solar cells, the pho-
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tovoltage is limited by the quasi-Fermi energy level splitting, which cannot exceed thematerial’s bandgap.
In contrast, ferroelectrics exhibit exceptionally large photovoltages that have the potential for photoin-
duced effects: uniform illumination creates a large electric field, which in turn leads to light-induced
functionalities.

A good example of light-induced functionality is photostriction, where the photoinduced electric field
leads to mechanical deformation through the converse piezoelectric effect.[12–14] Another interesting
functionality that can be triggered by photoinduced electric fields is the Pockels effect, i.e., change of the
refractive indices in a noncentrosymmetric material under an electric field. The refractive index change
under illumination is known as photorefraction. This effect has been studied for applications such as
reconfigurable waveguides,[15] holographic data storage,[16, 17] or all-optical computing.[18, 19]

Since 2009,[20] the model photoferroelectric material is BiFeO3.[5] A switchable photocurrent in ferro-
electric BiFeO3 was first reported in single crystals.[20, 21] Since this discovery, it has been the focus of
most research on ferroelectric photovoltaics, owing to its relatively narrow bandgap of 2.7 eV[22] and
high remanent polarization along the [111]pc direction.[22, 23] In addition, BiFeO3 also exhibits antifer-
romagnetic order and it has been shown that magnetoelectric switching can be triggered.[24] This shows
the potential of achieving remote magnetoelectric switching using light.

Despite the strong focus in recent years on the photoferroelectric properties of ferroelectric films, par-
ticularly their bulk photovoltaic effect and the linear electro-optic effect, all the studies are focused only
on epitaxial single-crystal films. Until now, there are no reports on polycrystalline BiFeO3 films, which
are more interesting for practical applications. The main reason behind this is the challenge of obtaining
low-cost solution-processed films with excellent ferroelectric properties and low leakage. Therefore, this
thesis aims to answer the following research questions:

• Solution processing of BiFeO3: Can an economic solution-based process for the fabrication of low
leakage polycrystalline BiFeO3 films be developed? What is the influence of doping on the ferro-
electric and electrical properties of the films? Can ferroelectric properties rivaling those of epitaxial
films be achieved?

• Photovoltaic effect of BiFeO3: What is the origin of the photovoltaic effect in polycrystalline BiFeO3?
If the bulk photovoltaic effect is themainmechanism: what bulk photovoltaic tensors can be reached?
What is the influence of doping and ferroelectric domain configuration on the bulk photovoltaic ten-
sors? Do BiFeO3 films show an intrinsic “piezophotovoltaic” effect, as observed in LiNbO3 single
crystals?[25] Underwhich substrate-induced stress conditions can optimumproperties be reached?
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• Electro-optic properties of BiFeO3: What linear electro-optic coefficients can be reached? What
is the influence of substrate-induced stress and ferroelectric domain configuration on the linear
electro-optic properties? How do these factors depend on processing and poling conditions? Can
larger electro-optic coefficients be achieved through ferroelectric domain reconfiguration? Under
which conditions can optimum properties be realized? What is the potential of BiFeO3 for photore-
fractive applications?

To answers these questions, the following thesis is structured into seven chapters. WhileChapter 1 serves
as an introduction to the thesis, Chapter 2 covers the necessary scientific background related to ferroelec-
tricity, the bulk photovoltaic effect, the electro-optic effect, and the material that is used in this thesis.
Chapter 3 introduces the experimental methods utilized in this thesis. The methods used for the syn-
thesis and basic characterization of BiFeO3 are detailed. A strong emphasis is placed on the electrical,
optical, and electro-optic characterization of the films, which are the core experimental techniques of this
thesis.

InChapter 4, the characterization of polycrystalline BiFeO3 thin films fabricatedusing solution-deposition
methods is discussed. The properties of films fabricated using various strategies are studied. The chapter
focuses on the influence of seed layers on the film’s texture, the influence of cation substitution on the
charge transport properties, and the impact of various electrode configurations on the functional proper-
ties. These strategies result in BiFeO3 films with excellent ferroelectric properties.

Having established a process for the growth of high-quality polycrystalline BiFeO3 films, the focus now
turns to the physical investigations. In Chapter 5, the photovoltaic effect of a polycrystalline ferroelectric
is studied. It is demonstrated that the bulk photovoltaic effect dominates the light-induced charge trans-
port in polycrystalline BiFeO3filmswith interdigitated electrodes. Measurements of the bulk photovoltaic
tensors are carried out and compared with the values reported in the literature for epitaxial films. The
chapter discusses the influence of doping and substrate-induced stress on the bulk photovoltaic proper-
ties.

In Chapter 6, the linear electro-optic properties of polycrystalline BiFeO3 films with interdigitated elec-
trodes are measured using a Teng-Man set-up built in-house. The influence of substrate-induced stress,
aswell as the use of transient domain switching to enhance the electro-optic response, is discussed. Chap-
ter 7 summarizes the results of the doctoral dissertation and provides an outlook for future work.
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Chapter 2

Fundamentals

In this chapter, the fundamentals of the photoferroelectric properties investigated in the thesis are dis-
cussed. The chapter begins with an overview of ferroelectricity, covering its basic principles and charac-
teristics. Following that, the photovoltaic effects observed in ferroelectric materials are discussed. Subse-
quently, the linear electro-optic (EO) effect is described. Finally, the fundamental aspects of the system
under investigation, namely solution-processed BiFeO3, are presented in detail.

2.1 Ferroelectricity

Ferroelectric crystals display a spontaneous polarization in a given crystallographic direction whose sign
can be reversed when a sufficiently strong electric field is applied.[1] The discovery of ferroelectricity is
often attributed to Valasek, who observed a switchable spontaneous polarization −→

P in Rochelle salt in
1920.[26] Ferroelectric crystals undergo a structural phase transition from a high-symmetry non-polar
paraelectric phase to a low-symmetry polar ferroelectric phase. This transition occurs at the Curie tem-
perature (TC), accompanied by a divergence of the susceptibility.[27]

The presence of a spontaneous ferroelectric polarization leads to the accumulation of bound charges at
the surfaces. When these surface-bound charges are not effectively screened by external charge carriers
(e.g. charged defects ormetal electrodes) they create an electric field oriented opposite to the polarization
referred to as the depolarization field.[28, 29] When a ferroelectric crystal is cooled from a paraelectric
phase without an electric field, two or more orientation states become available. To minimize the elec-
trostatic energy associated with the depolarization field and the elastic energy associated with the stress
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Figure 2.1: (a) The energy diagram illustrates the ferroelectric switching process between the two orien-
tation states. (b) The polarization hysteresis loop depicts the behavior of the polarization as a function
of the applied electric field in a ferroelectric material.

and clamping, different regions of the crystal polarize in different directions. These regions with identi-
cal polarization directions are known as ferroelectric domains, and the interfaces between domains with
different polarization directions are referred to as domain walls.[30, 31]

These orientation states can be switched by an electric field −→
E . The energy change during ferroelectric

switching between the two orientation states can be represented by a double-well energy landscape, as
depicted in Figure 2.1 (a). When an electric field that is sufficiently high to overcome the energy barrier
is applied to the ferroelectric crystal, the direction of the spontaneous ferroelectric polarization switches.

The measurement of ferroelectric hysteresis is commonly obtained by integrating the switching current
when a triangular or sinusoidal electrical signal is applied.[32, 33] Figure 2.1 (b) illustrates a typical fer-
roelectric hysteresis loop. Pr denotes the remanent polarization, Ps represents the saturated polarization,
and Ec corresponds to the coercive field.

Ferroelectric crystals possess significant dielectric and piezoelectric constants, making them highly ap-
pealing for various applications, including high-energy storage capacitors or actuators.[34] The electrical
switching behavior of ferroelectrics is also utilized in the development of ferroelectric random access
memories (FeRAM).[35] Additionally, the large non-linear polarizability of ferroelectric crystals makes
them suitable for applications such as EO modulation[36] and second-harmonic generation.[3]

2.2 Photovoltaic effect in ferroelectric materials

The photovoltaic effect refers to the generation of a photovoltage and a photocurrent under illumination.
It relies on the separation of photo-excited carriers. In conventional photovoltaic devices, at the interface
between an n-type material with a p-type material, the greater chemical potential of the electrons in the
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n-typematerial (and of the holes in the p-typematerial) drives a diffusion current. The diffusion currents
continue until an electrical potential difference compensates for the gradient in chemical energy.[6] This
effect will be referred to in the following as interface-driven photovoltaic (PV) effect. In ferroelectrics, in
addition to the interface-driven PV effect, the separation of photo-excited carriers is driven by the lack of
inversion symmetry, this is known as the bulk photovoltaic (BPV) effect.[2, 7] In this section, the basics
of both, the interface-driven PV effect and the BPV effect will be described.

2.2.1 Interface-driven photovoltaic effect

In classical p-n junction solar cells, two semiconductor layers, a p-type and n-type, are brought together
to form a junction. The difference in charge carrier concentration causes the movement of electrons from
the n-type side to the p-type side, resulting in an exposed positive ion region on the n-type side. Sim-
ilarly, the movement of holes from the p-type side to the n-type side exposes a negative ion region on
the p-type side.[37] This arrangement creates an electrical potential difference that plays a crucial role
in the separation of photo-generated charge carriers, such as electrons and holes when the solar cell is
illuminated.[6]

Figure 2.2: Schematic band diagram showing the potential distribution in a p-n junction. (a) In the dark
in equilibrium (b) Under illumination in open-circuit conditions.

In thermal equilibrium, the Fermi levels (EF) of electrons and holes align, as shown in Figure 2.2(a).
Under illumination, electrons are excited from the valence band (EV) to the conduction band (EC) and
electron-hole pairs are generated, causing the Fermi levels of electrons and holes to split, as depicted
in Figure 2.2 (b). These shifted levels are known as the quasi-Fermi energy levels (EFV, EFC) and they
represent the energy distribution function of the electrons in the conduction band (EFC) and holes in
the valence band (EFV). The difference between these energy levels is referred to as quasi-Fermi energy
level splitting. This splitting directly influences the open-circuit voltage of the p-n junction solar cell.
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Figure 2.3: Schematic band diagram illustrating the potential distribution in a metal-n-type
semiconductor-metal under equilibrium conditions.

In an ideal device, the upper limit of VOC is determined by the rate of electron-hole production and
recombination.[38] Following the Shockley-Queisser limit,[39] which describes the limits of photovoltaic
energy conversion based on the thermodynamic principle of detailed balance, themaximumvalue of VOC

in classical p-n junction solar cells is determined by the material’s bandgap.

A similar band-bending process occurs in homogeneous materials with dissimilar metal-semiconductor
interfaces.[6] The energy difference between the Fermi level of the metal and the conduction band of the
ferroelectric semiconductor creates a potential difference, enabling the separation of charge carriers and
the generation of photovoltages. Adhering to the same thermodynamic limitations, the upper limit of
the VOC in a Schottky diode is also constrained by the bandgap of the ferroelectric material. As a first
approximation, the barrier between a metal and a semiconductor is determined by the Schottky–Mott
rule,[40] which states that it is proportional to the difference between the metal-vacuum work function
(Φb) and the semiconductor-vacuum electron affinity (χ):

ΦB = ΦM − χ (2.1)

Fully symmetric Schottky interfaces in a metal-insulator-metal structure are unable to induce net light-
induced charge transport. Nevertheless, modifying the charge carrier concentration in one interface can
alter the electron affinity of the semiconductor, resulting in asymmetric Schottky interfaces.[41, 42] Fig-
ure 2.3 illustrates an example of the conduction band in a metal-n-type semiconductor-metal configura-
tion, demonstrating asymmetric Schottky interfaces.

For example, in ferroelectric oxide perovskites[43] the barrier height can be tuned bymodifying the donor
or acceptor doping concentration at the interface. This can be achieved by applying a high DC voltage
to the ferroelectric material, leading to the electromigration of oxygen vacancies, which drives positive
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charges to one of the interfaces.[21, 41] The accumulation of oxygen vacancies induces a heavily doped
layer, resulting in the formation of asymmetric Schottky interfaces or even Schottky-to-Ohmic interfaces.
Furthermore, the height of the Schottky barrier can be modulated by the ferroelectric polarization.[20]

The influence of the electrode work function on the barrier height of out-of-plane ferroelectric capacitors
was systematically investigated by You et al.[44] Their study demonstrates that themetal work function is
not the primary parameter determining the barrier height responsible for the photovoltaic effect. Instead,
the oxidation free energy of themetal contact plays a crucial role. Metalswith higher oxidation free energy
act as a reducing agent at the surface of the ferroelectric, thereby reducing the energy barrier.

Obtaining perfectly symmetric metal-ferroelectric-metal devices, where the top and bottom interfaces
are identical, is challenging. For instance, the high temperatures utilized in the fabrication of perovskite
oxides lead to the creation of additional oxygen vacancies at the top interface of the film. Consequently,
this results in an unavoidable interface-driven photovoltaic effect when studying the electrical properties
of out-of-plane thin film capacitors.

Current-voltage characteristics of interface-driven photovoltaic effect

Devices, where the charge transport is dominated by interface-driven photovoltaic effect, are character-
ized by the formation of asymmetric j-V curves that show rectifying behavior. In the simplest case, accord-
ing to the thermionic-emission theory, if a single Schottky diode is formed, the current flows according
to:[37]

j = AT 2 exp

(
− qϕB

kBT

)[
exp

(
qV

kBT

)
− 1

]
(2.2)

where A is the Richardson constant, T the diode temperature, q the electronic charge, ϕB the barrier
height, kB the Boltzmann constant and V the applied bias.

In an ideal case, where a single Schottky diode is formed, the j-V curves display the characteristic rec-
tification behavior. As shown in Figure 2.4 (a) at forward bias, the conductivity of the diode increases,
while at reverse bias the conductivity of the Schottky diode decreases. Under illumination, as shown in
Figure 2.4 (b) the j-V curve shifts as the Schottky diode begins to generate power.

Nevertheless, in most metal-ferroelectric-metal devices, both contacts have a rectifying nature and are
commonly asymmetric. The different chemistry at the interface and local defects modifies ϕB . Despite
the opposite polarity of the diodes, the different ϕB leads to a net photovoltaic current. In these situations,
a more sophisticated description of the charge transport, considering two-diodemodels with different ϕB

and ideality factors is needed to understand the charge transport properties of the device.[45]
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Figure 2.4: Simulated j–V plots of a single Schottky diode at forward and reverse bias in the (a) dark and
(b) under illumination.

Some unique aspects must come together when a photocurrent in a ferroelectric is dominated by an
interface-based PV effect:

• Non-linear j-V curves, arising from the presence of asymmetry Schottky diodes.

• VOC is lower than the bandgap and increases logarithmically with light intensity, saturating at the
bandgap of the material.

• The direction of photocurrent is not symmetrically switched after reversed poling.

Consequently, a careful analysis of the j-V characteristics and the dependency on light intensity is key
to neglecting or confirming that the light-induced charge transport is driven by the interface-based PV
effect.

2.2.2 The bulk photovoltaic effect

When a crystal is homogeneously illuminated with an electromagnetic wave with an electric field ampli-
tude of:

Ẽ(t) = E(ω)e−iωt + E(−ω)eiωt (2.3)

a second-order response to the incident electromagnetic wave can be generated:

Ẽa(t)Ẽb(t) = Ea(ω)Eb(ω)e−i2ωt + Ea(−ω)Eb(−ω)ei2ωt + Ea(ω)Eb(−ω) + Ea(−ω)Eb(ω) (2.4)
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where a and b correspond to different electric field components. the first two terms correspond to a contri-
bution at 2w, which can lead to light generation at the second-harmonics frequency. The last two terms,
however, do not pertain to the generation of electromagnetic radiation, as their second time derivative
cancels out. Instead, these terms contribute to the generation of a DC component within the crystal.[3] It
is noted that such second-order response is non-zero only in noncentrosymmetric crystals, in which the
second-order susceptibility χ(2) is nonzero.[46]

Consequently, upon illumination of a noncentrosymmetric crystal, a photocurrent, and a photovoltage
can be measured. These are not produced by any crystal inhomogeneities, such as the photovoltaic effect
in p-n junctions,[6] nor by nonuniform illumination, referred to as the Dember effect.[47] Rather, they
arise from the symmetry breaking within the crystal. This effect exhibits two characteristic features: the
magnitude of the photocurrent depends on the orientation of the light electric field relative to the crystal
symmetry, and the photovoltage within the crystal can reach several thousand volts.[2, 4, 7]

The first observation of a BPV current in a noncentrosymmetric crystal is attributed to A. G. Chynoweth
in 1956.[48] In his work, a steady photocurrent was observed in BaTiO3 upon illumination. However, it
was not until the 1970s that the BPV effect in crystals of practical importance, such as BaTiO3[49] and
LiNbO3[18] was extensively studied and firmly established. Glass et al.[18] observed stationary pho-
tocurrents in LiNbO3 single crystals that exhibited a linear increase with light intensity. Fridkin et al.
reported the observation of anomalously large photovoltages of the order of 1000V.[11] Additionally,
their experiments suggest that the BPV effect, in combination with the EO effect, is one of the origins of
photorefraction.

The BPV effect has beenmeasured in numerous crystals, demonstrating its presence in all noncentrosym-
metric crystal classes.[18, 49–51] All piezoelectric crystals exhibit the BPV effect. Interestingly, there are
only a few reports on the BPV effect of polycrystalline ferroelectrics. While there is no basic physical
principle that prohibits BPV-induced charge transport in poled polycrystalline systems, its observation
is not guaranteed. Factors such as incomplete poling of the ceramic or scattering of hot charge carriers
at grain boundaries may reduce the BPV effect below the detection limit. Examples in the literature are
limited to P(L)ZT and BaTiO3 bulk ceramics.[52–55]

Phenomenological description

The phenomenological description of the BPV effect was developed in the 1970s by Fridkin, Belinicher,
Sturman, Ivchenko, and Pikus.[2, 56–58] It represents the most comprehensive approach for describing
the photovoltaic effect and it is the description used in this thesis. The induced current density in a
material under homogeneous illumination can be described as follows:
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jj = σd
jkEj + Iσph

jklEjekel
∗ + IβL

jklekel
∗ + iIβC

jl [ee
∗]l (2.5)

where σd
jk represents the dark conductivity, I is the light intensity, σph

jklm corresponds to the photoconduc-
tivity, ek and e∗l denote the light electric field unit vectors, βL

jkl denotes the third-rank linear BPV tensor
and βC

jl represents the second-rank circular BPV tensor. (Here, e∗ refers to the complex conjugate of the
light electric field). The BPV tensor exhibits non-zero values only in noncentrosymmetric crystals. Out
of the 32 point symmetry classes, 21 are noncentrosymmetric, including all piezoelectric crystals.

Noncentrosymmetric crystals can be divided into three groups.[2] Group I comprises systems that dis-
play piezoelectric and gyrotropic behavior, where the polarization direction of light rotates as it propa-
gates through the crystal. This group exhibits both non-zero βL

jkl and βC
jl . The following point symmetry

classes, according to the Hermann–Mauguin notation, are included in this group: 1, m, 2, 3, 4, 4̄, 6, 312,
23, 222, 422, 622, mm2, 4̄2m, 4mm, 3m, 6mm. Group II consists of piezoelectrics that do not exhibit optical
activity. In this group βL

jkl ̸= 0, while βC
jl = 0. The corresponding point symmetry classes are: 6̄m2, 6̄ and

4̄3m. Group III consists of non-piezoelectric crystals that exhibit optical activity. In this group, βL
jkl = 0,

but βC
jl ̸= 0. This group corresponds to class 432. When the crystal’s symmetry is known, the non-zero

independent components of βL
jkl and βC

jl can be determined. These tensors describe the dependence of
the BPV effect on light polarization and intensity.

Historically, the BPV effect was first measured in ferroelectric materials, where photocurrents were ob-
served along the polar c⃗ axis. Additionally, the direction of the photocurrent in these materials can be
switched by changing the direction of the polar axis. In these studies, the dependence of the photocurrent
on light intensity and polarization is often described using the glass coefficients (G).

jj = IαGL
jklekel

∗ (2.6)

where α represents the absorption coefficient and Gjkl denotes the Glass tensor, which characterizes the
current excitation performance. However, in recent literature βjkl is commonly used to compare the pho-
tovoltaic response of different systems. Themovement of non-equilibrium carriers builds up a photovolt-
age. Under open-circuit conditions, the steady-state open-circuit photovoltage (VOC) can be expressed
as follows:

VOC =
jSC

σd + σph
l (2.7)
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where l represents the spacing between the electrodes. From equation 2.7, it can be observed that VOC in-
creases with the distance between the electrodes. In fact, remarkably large photovoltages can be achieved
when the electrodes are significantly separated. Therefore, when comparing materials, it is more mean-
ingful to compare the steady-state photoinduced electric fields (Eph).

To prove that a photocurrent in a ferroelectric is of BPV nature, four unique aspects must come together:

• The direction of jSC can be modified by reversing the ferroelectric polarization. If the BPV effect is
the only mechanism for the current generation, the reversal must be symmetric.

• jSC must increase with light intensity. Besides, when σph ≫ σd, both jSC and σph increase linearly
with light intensity. In this situation, Eph is independent of the light intensity.

• VOC must show a linear dependence on the electrode distance.

• jSC must be dependent on the direction of the light electric field.

These aspects can occur independently in systems with interface-dominated PV effects. For example,
as demonstrated in the previous section, a switchable photovoltaic effect can be observed due to either
the electromigration of n-type defects or the polarization-mediated modulation of the Schottky energy
barrier height. Therefore, all four aspects must be present to attribute the charge transport mechanism to
a BPV effect.

Microscopic description

The microscopic description of the BPV effect in the steady state under linearly polarized light is based
on the time-dependent perturbation theory.[46, 59] It stems from the frequency-independent term of the
second-order response of a noncentrosymmetric material under illumination as shown in Equation 2.4.
To develop a microscopic theory, one is interested in how the equilibrium density matrix of the system
under study will evolve under the perturbation from light. The steady-state current can be computed
as:[46]

j =
∑
nm

ρInmνImn (2.8)

where ρInm is the steady-state density matrix under continuous illumination and νImn is the velocity oper-
ator. ρInm can be calculated using perturbation theory for the electric field. Consequently, after a certain
amount of algebra, the steady state photocurrent can be explicitly written as:[46]
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j =
πe3

ω2
Re

∑
l,m,n

∑
W=±ω

∫
BZ

dk

(2π)
3 (flk − fnk)×

νrnl(k)ν
s
lm(k)νqmn(k)

(ϵnk − ϵmk − iη) (ϵnk − ϵlk − ℏW− iη)

ErEs (2.9)

where l, m, n refer to the single-particle eigenstates of the crystal, e is the electron charge, ω is the light
wavelength, k refers to the crystal momentum, flk is the Fermi-Dirac distribution function, νrnl(k) are
the matrix elements of the velocity operator and ϵ is the energy of the corresponding single-particle
eigenstates of the crystal. Equation 2.9 is the central result for the BPV effect theory as it expresses the
steady-state current response tensor with quantities that can be obtained from numerical models such as
quadratic band structure models, tight binding models, or from first-principles calculations. To simplify
equation 2.9, two different contributions are considered: the ballistic and shift contribution.[58]

In the ballistic contribution, an asymmetric distribution of hot carrier momenta in the band and a vi-
olation of the principle of detailed balance occur due to the excitation of nonthermalized carriers in a
noncentrosymmetric crystal. This contribution stems from the diagonal terms of the density matrix, ρInm,
where n = m, commonly referred to as two-band contribution.[46]

The shift current contribution arises from the excitation of electrons into coherent superpositions, allow-
ing for net current flow due to the potential asymmetry. This contribution arises from the non-diagonal
terms of the density matrix, where n ̸= m.[60–63]

These two contributions were experimentally distinguished for the first time by Burger et al.[64] in
Bi12GeO20 crystals. In their work, they assumed that the shift current is less susceptible to magnetic field
whereas the ballistic current can give rise to a Hall current as any classical charge current. Nevertheless,
their results demonstrate that under monochromatic light, the photocurrents exhibit opposite directions,
but similar magnitudes.

Based on this microscopic description, recent calculations indicate that the efficiency of the BPV is be-
low 10-5.[7, 8] Only one report claims the measurement of power-conversion efficiencies exceeding the
Schokley-Queisser limit in BaTiO3 thin films using tip-enhanced BPV effect.[65] However, Kirk et al.[66]
explained in their response letter to [65] that the power was obtained considering only the area of a scan-
ning probemicroscopy tip, not the real area of the device, as is the standard definition of power conversion
efficiency. Therefore, the high power-conversion efficiency arises from an underestimation of the contact
area, which is a challenging calculation when using scanning probe microscopy tips.[66]



Chapter 2. Fundamentals 15

Piezophotovoltaic effect

As explained in the previous sections, the BPV effect arises from symmetry breaking in the crystal. As
a result, its magnitude is sensitive to perturbations in the crystal structure, such as temperature,[67]
strain,[25, 68] or strain gradients.[69]

Recently, strain engineering has emerged as a powerful approach to modulating the BPV effect. Yang et
al.[69] demonstrated that the application of a strain gradient to a centrosymmetric material leads to the
appearance of a BPV-like effect referred to as the flexo-photovoltaic effect. In noncentrosymmetric per-
ovskite oxides, Nadupalli et al.[25] showed that the BPV effect of LiNbO3 single crystals can be enhanced
by the application of a uniaxial compressive strain, known as the piezophotovoltaic effect.

This effect has also been extended to noncentrosymmetric 2D transition metal chalcogenides, both ex-
perimentally and theoretically,[70–72] demonstrating the potential of strain engineering in boosting the
photovoltaic performance of noncentrosymmetric materials. However, this topic remains largely unex-
plored, and the existing examples in the literature are limited to epitaxial films or single crystals.

The revival of ferroelectric photovoltaics

The research on the photovoltaic effect of ferroelectric materials received a significant boost with the dis-
covery of a switchable photovoltaic effect in BiFeO3.[20] However, the origin of the photovoltaic response
was first found to be associated with the interface-driven PV effect.[21] It was observed that the effect ex-
hibited a dependence on light polarization. Nevertheless, this dependency was attributed to anisotropic
absorption coefficients rather than the dominance of a BPV effect. These initial findings highlighted the
challenging task of distinguishing between interface-based photovoltaic effects and BPV effects, which
are often erroneously categorized under the term ”ferroelectric-based photovoltaics”.

The separation of non-thermalized carriers in noncentrosymmetric materials is not associated with the
thermalization losses of interface-based photovoltaic effects, offering the potential to achieve efficiencies
surpassing the Shockley-Queisser limit.[38, 39] This promise sparked a notable increase in publications
on photoferroelectrics in the last decade, as depicted in Figure 2.5.

However, it is important to note that every reported instance of high efficiency (>2%) in these materials
has been attributed to the formation of Schottky barriers at the ferroelectric/metal interface, thereby being
limited by the same mechanisms as classical p-n junctions.[73] It remains quite common in the research
community to observe current-voltage behaviors that perfectly rectify, indicating the formation of diodes
at the interface of ferroelectric materials, while simultaneously claiming the presence of a BPV effect.[74]
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Figure 2.5: Evolution of the number of publications in Web of Science containing the terms ”photoferro-
electric” or ”bulk photovoltaic effect” or ”photogalvanic effect” or ”ferroelectric photovoltaic” in the title
or abstract.

As suggested by Kreisel et al.,[9] it is important to shift the focus towards exploring photoinduced effects
in ferroelectrics. The unique property of the effect, which is the generation of large photovoltages under
illumination, can be coupled to other effects.[75] In recent years, significant attention has been given to
applications involving photostriction,[13, 76] light-induced switching of ferroelectric polarization,[77]
and photo-catalysis.[78]

2.3 The electro-optic effect

The EO effect is based on the modification of the refractive index of a material upon the application of an
electric field.[3] The modification of the refractive index (nij) under an electric field can be expressed as
a power series as follows:

nij = n
(0)
ij +

∑
k

rijkEk +
∑
kl

sijklEkEl + ... (2.10)

where rijk refers to the linear EO coefficient, a third-rank tensor, and sijkl refers to the quadratic EO co-
efficient, a fourth-rank tensor. For simplicity, since rijk is symmetric in its first two indices, it is usually
represented as a two-dimensional matrix rhk, e.g., r111 → r11, r233 → r43, r231 → r41. In noncentrosym-
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metric materials, the odd-rank tensor components are non-zero, and the modification of the refractive
index under an electric field is dominated by the first-order term. This change is known as linear EO or
Pockels effect.

Figure 2.6: Schematic depicting the projection of the refractive index ellipsoid with and without the ap-
plication of an electric field. In the current scenario, the refractive index ellipsoid undergoes a transition
from slightly to highly anisotropic behavior along the [X,-Y] direction.

Following this notation, the lowest-order modification of the refractive index ellipsoid (1/n2)i upon the
application of an electric field (Figure 2.6) can be expressed as follows:

∆

(
1

n2

)
i

=
∑
j

rijEj (2.11)

Thephysical origin of the EOeffect has been investigatedusing variousmethods, includingfirst-principles
calculations[79, 80] and less computationally intensive approaches like perturbation theory on model
Hamiltonians.[81] This effect is attributed to the displacement of ions within the material under an elec-
tric field, leading to alterations in the band wave function of the lattice electrons.[82] By considering the
bandgap, refractive index, and dielectric constant of the material,[83] the EO effect can be estimated.
Nevertheless, it is important not to overlook the influence of the ferroelectric domain structure.[84]

The EO effect in non-ferroelectric piezoelectrics is generally characterized by low values, typically on the
order of 1 pmV−1 in quartz at 1540 nm.[85] On the other hand, ferroelectric materials exhibit the largest
EO coefficients, making them the primary candidates for studying and utilizing this effect.[86]
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Among the various ferroelectric materials, LiNbO3 stands out as the most relevant choice for bulk EO
modulators due to its excellent optical properties and the ability to produce large, high-quality single
crystals.[87] However, its EO coefficients are not particularly high at around 30pmV−1 at 633 nm.[88] In
comparison, EO coefficients of 1300 pmV−1 at 633 nm have been reported for BaTiO3 single crystals in
stress-free conditions,[89] but the properties of BaTiO3 suffer from a strong temperature dependence.

Another alternative is the use of relaxor-lead titanate based (PbTiO3) crystals, such as PIN-PMN-PT,
which display giant EO coefficients around 900pmV−1 at 1064 nm.[90] The origin of the high EO re-
sponse in relaxor ferroelectrics is based on the ease of ferroelectric polarization rotation under an exter-
nal electric field. Nevertheless, Pb-based ferroelectrics are subject to environmental restrictions and also
display strong temperature dependence.[91]

In recent years, the focus has shifted to thin films, with a particular emphasis on integration with sil-
icon technologies. Cubic Si displays a Pockels effect only under mechanical strain.[92] However, this
mechanism is inefficient, slow, and lossy. Therefore, there is a strong trend to create integrated hetero-
structures combining ferroelectrics such as BaTiO3 or PZT on Si.[93] The recent growth of ferroelectric
materials such as BaTiO3 on silicon with giant EO coefficients has spurred the research of ferroelectric
thin films for integrated photonics.[94, 95]

A challenge that remains is to find an EO material with properties less sensitive to temperature, that is
environmentally friendly and can be produced economically using a process compatible with Si technol-
ogy.

2.4 Bismuth ferrite

BiFeO3 is a rhombohedral multiferroic of perovskite structure type at room temperature.[96] It has the
unique property of exhibiting both ferroelectric and antiferroelectric order. In the bulk, it has a Curie
temperature of 810 °C and a Néel temperature of 370 °C.[97] In terms of its ferroelectric characteristics,
remanent polarization values of 100µC cm−2 with coercive field EC of 250 kV cm−1 along the [111] di-
rection have been reported in epitaxial BiFeO3 thin films at room temperature deposited using vacuum
technologies.[23, 98]

2.4.1 Basics of the chemical solution deposition of BiFeO3 thin films

The preferred method for the growth of high-quality ferroelectric films for optical applications is direct
epitaxial growth on single-crystal substrates.[99] Techniques such as pulsed laser deposition, molecular
beam epitaxy, or off-axis sputtering enable precise control of growth at the atomic level, allowing formon-
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itoring unit cell by unit cell using reflection high-energy electron diffraction.[100, 101] This level of control
ensures accurate manipulation of the interface chemistry. However, achieving high-quality growth using
these techniques is typically limited to small areas, slow growth rates, and expensive vacuum conditions.

In contrast, chemical solution deposition (CSD) methods offer advantages for the growth of oxide per-
ovskites in terms of larger area coverage, higher deposition rates, and lower cost. However, these advan-
tages come at the expense of reduced control over the interface chemistry. Nonetheless, CSD is compatible
with large-scale industrial production. [102]

Figure 2.7: Schematic of the solution deposition process. Adapted from [103].

In solution deposition processes, a precursor solution is deposited and annealed to form a crystalline film.
A schematic of this process is illustrated in Figure 2.7. During the initial step, metallic precursors such
as metal nitrates, acetates, or alkoxides are dissolved into an organic solvent such as 2-methoxyethanol.
Various drying agents can be employed to eliminate crystallization water, while complexing agents may
be added to enhance the chemical homogeneity and stability of the solution.[104] It is crucial to consider
the cation distribution within the solution’s chemical composition, as it plays a vital role in producing
high-quality films since it will be transferred to the final material.[105]
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In the subsequent step, the precursor solution is deposited onto a substrate using one of various depo-
sition techniques. For the purposes of this study, particular attention is given to the spin-coating tech-
nique.[106] In this technique, the solution is deposited onto the substrate, which is then rotated at a high
speed, typically 3000 rpm, until a uniform film forms on the surface. Following this, a drying step is em-
ployed to facilitate the evaporation of the solvent. The result is a gel. Subsequently, a pyrolysis step is
carried out to remove all organic compounds, resulting in the formation of an amorphous film. Finally,
high-temperature annealing is performed to crystallize the amorphous film.

The fabrication of BiFeO3 films with robust ferroelectric properties poses a significant challenge due to
the high leakage current density observed in these films.[107, 108] The presence of intra-bandgap defects,
such as reduced cation gap states (e.g., Fe2+ instead of Fe3+), oxygen vacancies[109–112] or the formation
of secondary phases, e.g., Bi2O3,[113–115] contribute to the high leakage current density by providing
conductive pathswithin the capacitor. These defects are often a result of the high processing temperatures
required for film fabrication, which can cause sublimation of Bi3+ ions.[116] As a consequence of these
challenges, only a limited number of reports demonstrate robust ferroelectric properties at relatively low
frequencies.

The main strategy to tune the charge transport mechanisms that are responsible for leakage is the use
of doping to decrease charge carrier concentration or to modify the dominating charge transport mecha-
nism. The introduction of a high-valent cation, such as Ti4+ (Ti’Fe), has been shown to effectively decrease
the concentration of oxygen vacancies.[117] Furthermore, both experimental and theoretical results sug-
gest that isovalent dopants with partially or fully electron-filled eg states, like Mn3+, can act as traps for
oxygen vacancies, thus impeding the electromigration of vacancies under electric fields.[118–120] Both
Ti4+ (75 pm) andMn3+ (78 pm) have a similar ionic radius to Fe3+ (63 pm) acting as B-site dopants in the
lattice. In line with recent literature findings, this thesis adopts a precise co-doping approach with Mn3+

and Ti4+ to mitigate the issue of leakage currents.[121, 122]

2.4.2 The photovoltaic effect in BiFeO3

The photovoltaic effect in BiFeO3 single crystals was initially attributed to the formation of asymmetric
Schottky interfaces between BiFeO3 and the contacts.[20, 21] However, other studies have shown that
BiFeO3 single crystals exhibit a BPV effect.[123] The high concentration of oxygen vacancies is the main
challenge in unveiling the mechanism responsible for the photovoltaic effect.

Measurements conducted on films with a high concentration of oxygen vacancies or asymmetric contacts
exhibit electrical rectification characteristics, whereby the photovoltaic effect is primarily governed by the
formation of Schottky barriers at the electrode interfaces rather than a BPV effect.[41, 73, 74, 125] During
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Figure 2.8: (a) Switchable photovoltaic effect in BiFeO3 single crystals. The rectification behavior and the
asymmetry of the j-V curves indicate that the mechanism is driven by the interface-based PV effect. The
switchability of the effect arises from the changes in ϕB related to the electro-migration of defects and
the ferroelectric polarization. Adapted from [21]. (b) Switchable photovoltaic effect in BiFeO3 epitaxial
films. The linear j-V curves, as well as the symmetry in the switchability of the effect, indicate the charge
transport is dominated by the BPV effect. In the as-grown sample, the net polarization along the mea-
suring direction is zero, resulting in a zero net current. After poling, a photocurrent can be measured.
The change in the photoconductivity is related to changes in the domain structure during poling.[124]
Adapted from [10].

electrical poling, the accumulation of defects at one interfacemodifies the Schottky barrier height, leading
to asymmetric contacts responsible for the photovoltaic effect (Figure 2.8 (a)). In fact, it is common in
the literature to find photovoltaic phenomena in BiFeO3 films attributed to the BPV effect with no direct
evidence.[74]

It is worth noting that the Schottky barrier-induced photovoltaic effects are usually neglected in devices
with a co-planar electrode geometry, mainly due to the symmetric contacts.[10, 126] In contrast, the pho-
tovoltaic effect of out-of-plane thin film capacitors is commonly dominated by the interface-based photo-
voltaic effect, primarily because of the difficulties in achieving symmetric contacts.[44]

The PV effect in epitaxial BiFeO3 co-planar capacitors resulted in a BPV light-induced charge transport
(Figure 2.8 (b)). Initially, these were attributed to the separation of photo-generated carriers at the do-
main walls.[10] However, this theory did not explain the dependence of the photocurrent on light po-
larization or the generation of a net charge transport when a free electron generated at one domain wall
recombines with the hole generated at the next domain wall. Subsequent studies in monodomain and
domain-engineered structures have shown that the actual mechanism behind these anomalously large
photovoltages is the BPV effect.[126–128] The strong dependence of the photovoltaic effect on the domain
walls was associated with the intrinsic conductivity of the domain walls, which introduces a conductive
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path that increases conductivity and lowers the open-circuit voltage.[126] Moreover, later studies have
demonstrated that the BPV effect of BiFeO3 can be tuned by engineering the sub-band levels through
chemical doping with Mn3+ or Ti4+.[128–130]

2.4.3 The electro-optic effect in BiFeO3

BiFeO3 has peculiar properties that make it interesting for EO applications. Contrary to other candidates
for EO modulators, such as BaTiO3 or PbTiO3-based compounds, the high Curie temperature of BiFeO3

allows for high-temperature applications. Indeed, not only its TC is much higher than for BaTiO3 or
PbTiO3-based compounds, but in addition, mode softening is much weaker due to the more complex
nature of the ferroelectric transition in BiFeO3.[131, 132] In addition to the intrinsic linear EO effect, the
massive birefringence of BiFeO3 of 0.15-0.31 allows for refractive index tuning by reorientation of the
optical axis through ferroelectric domain switching.[133, 134]

Although the interaction of BiFeO3 with light is widely studied, there are surprisingly few papers on its
EO properties. In 5% Mn-doped BiFeO3 grown by PLD on SrTiO3, coefficients of r33 = 4.4 pmV−1, r13 =
−6.4 pmV−1 and reff = 12pmV−1 have been measured, while Density Functional Theory (DFT) calcula-
tions predict r13 = 3.16 pmV−1 and r33 = 14.75 pmV−1.[134] The disagreement between measured and
calculated values was associated with the effect of the epitaxial mechanical constraints imposed exper-
imentally on the thin films. Higher coefficients up to reff = 19.3 pmV−1 were observed in BiFeO3 films
grown on SrTiO3 by magnetron sputtering.[135] It is not known if good EO properties can be obtained in
films produced by more economical methods such as solution deposition, or how a variation of domain
orientation, in combination with the high birefringence, can be utilized for refractive index modulation.
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Experimental methods

In this chapter, the main experimental methods used in the thesis will be detailed. The chapter will be
divided into three sections:

1. a section dedicated to the synthesis of solution-processed BiFeO3 thin films, the microfabrication of
devices, and the structural characterization of the thin films;

2. another section will be dedicated to the electrical characterization of thin films. Several techniques
such as dielectric spectroscopy and themeasurement of optoelectronic properties will be described;

3. the last section will discuss the optical and electro-optical characterization of thin films.

3.1 Synthesis and characterization of thin films

3.1.1 Chemical solution deposition

The synthesis of the thin films presented in this thesis is done using chemical solution deposition (CSD).
As explained in Section 2.4.1, this technique requires two steps: first, the preparation of a precursor so-
lution, and second, the fabrication of a thin film by spin-coating and successive thermal treatment. Prior
to the deposition of the functional perovskite, e.g., BiFeO3, highly-oriented seed layers e.g., PbTiO3 or
LaNiO3, are deposited to obtain textured films. All chemical reagents were purchased from Merck un-
less otherwise specified.

The first seeding strategy used in this thesis, and the one used for the films in the physical investigations
is a highly-oriented PbTiO3 seed layer. (see Section 4.2) [136, 137] For the fabrication of a highly-oriented
PbTiO3 seed layer, a precursor solution was prepared by combining lead(II) acetate (≥ 99.99%) and ti-

23
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tanium(IV) isopropoxide (≥ 98.0%) as metal precursors in 1-methoxy-2-propanol (MePro) (≥ 99.99%).
The crystallization water from lead(II) acetate was removed by freeze-drying. Acetylacetone (≥ 99.99%)
was added to modify the titanium alkoxide precursor.[138] The mixture was stirred and refluxed under
an inert atmosphere for 2 hours. Then, the solution was distilled to remove the remaining acetates and
isopropanol side products, and diluted with MePro until it reached a concentration of 0.1 M. A Pb2+ ex-
cess of 30% was included to compensate for PbO sublimation during deposition.[139] The solution ages
and is not usable after 30 days; longer times lead to a decrease in the degree of orientation of the films. The
resulting precursor solution was spin-coated on the substrate of choice at 3000 rpm and dried at 130 °C. It
was then pyrolyzed at 350 °C and crystallized at 700 °C in an 80%N2 and 20%O2 atmosphere using rapid
thermal annealing (RTA, Annealsys AS-MASTER 2000). The resulting thickness is (10 ± 5) nm. All the
RTA heating rates were set to 50 °C s−1 unless otherwise specified.

Another strategy is based on using a highly-oriented LaNiO3 seed layer. The process was adapted from
Miyazaki et al.[140]. La(NO3)3 · 3H2O (≥ 98.0%) and Ni(OAc)2 · 4H2O (≥ 98.0%) were freeze-dried and
dissolved in 2-methoxyethanol (MOE) and 2-aminoethanol (≥ 98.0%) (mixing ratio of 9:1). Then, the
solution was refluxed for 2 hours. The final concentration of the solution was 0.3 M. The solution expires
in 7 days; precipitates are formed in the solution at longer times. The solution was spin-coated and dried
at 150 °C for 3min. Pyrolysis was extensively optimized from the results obtained in this thesis as shown
in Section 4.2. The optimized pyrolysis temperaturewas 450 °C for 15min. Crystallizationwas performed
at 700 °C for 5min. To obtain oriented films, the deposition-crystallization process needs to be repeated
five times. The degree of orientation towards the (100)pc increases after each deposition, saturating after
five layers. Here, a heating rate of 3 °C s−1 was necessary to obtain highly-oriented films.

For the preparation of BiFeO3 thin films a precursor solution was prepared following a nitrate-based
route.[141, 142] Four systems with different dopings are used in this thesis: BiFeO3, BiFe0.95Mn0.05O3,
BiFe0.98Ti0.02O3, and BiFe0.93Mn0.05Ti0.02O3. The stoichiometry of the different compounds refers to the
nominal stoichiometry of the solution and not necessarily the final stoichiometry of the compound.
The starting solution was composed of Bi(NO3)3 · 5 H2O (≥ 98.0%), Fe(NO3)3 · 9 H2O (≥ 98.0%), and
Mn(NO3)2 · 4 H2O (≥ 99.99%) in MOE. 5% Bi3+ excess was used to compensate for Bi2O3 sublimation
during the high temperature annealing of the films.[116] Ti was introduced through a 0.1 M precursor
solution prepared using titanium(IV) isopropoxide, acetylacetone, and MOE as the solvent.

The metal ion concentration in the solution was 0.25M, with the assumption that Mnx+ and Ti4+ would
occupy the Fe3+ sites in the BiFeO3 perovskite structure.[143] Manganese is introduced from a Mn2+

precursor. However, in the BiFeO3 structure, it commonly adopts a Mn3+ oxidation state,[144] but small
amounts of Mn2+ and Mn4+ are also commonly observed.[145]. Consequently, in the following, the text
will refer to Mnx+.
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The molecular mass of the hydrated precursors was used to calculate the concentration of the solution.
Non-hydrated precursors are usually preferred for the preparation of precursor solutions. However, sev-
eral attempts to freeze-dry Fe(NO3)3 · 9H2Owere unsuccessful. To remove the crystallization water from
the solution, a stoichiometric amount of acetic anhydride (≥ 98.0%) was added. Acetic anhydride reacts
with the crystallizationwater, producing acetic acid as a product. This reaction is highly exothermic.[146]
Therefore, acetic anhydridemust be added slowly to prevent excessive heating. The acetic acid byproduct
also acts as complexing agent for the metal cations.[142] The BiFeO3 precursor solution was deposited
on the substrate of choice and it was spin-coated at 3000 rpm during 30 s. The coated substrate was then
heated at 90 °C for gelation, as previously described by Zhang et al.[142] The gel was then dried at 270 °C.
Pyrolysis and crystallization were performed in pure O2 atmosphere at 450 °C for 5 minutes and 600 °C
for 5 minutes respectively, using a RTA furnace. The deposition-crystallization process resulted in films
with a thickness of 25 nm, which could be repeated to create thicker films.

Substrates

The films fabricated in this thesis were deposited on different substrates. A summary of the different
substrates used is shown in Table 3.1. A non-ferroelectric HfO2 layer was deposited between the film and
the substrate (fused silica, sapphire, and magnesium oxide) to prevent diffusion from the film into the
substrate.

Supplier Stack

Platinized silicon Sintef Pt(100 nm)/TiOx(20 nm)/SiO2(500 nm)/Si

Fused silica Siegert Wafer HfO2 (23 nm)/SiO2

Sapphire Siegert Wafer HfO2 (23 nm)/Al2O3

Magnesium oxide Biotain Crystals HfO2 (23 nm)/MgO

LAO Crystal LaAlO3

Table 3.1: Substrates used for the deposition of BiFeO3 films.

3.1.2 Microfabrication techniques

To characterize the electrical properties, three different types of devices were fabricated using lift-off pho-
tolithography and sputtering. For the out-of-plane electrical properties, metal-insulator-metal (MIM)
structures were built. A scheme of the device is shown in Figure 3.1 (a). To characterize the in-plane fer-
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roelectric properties, the bulk photovoltaic and the electro-optic response, interdigitated electrodes (IDE)
were patterned on the BiFeO3 films as shown in Figure 3.1 (b). Embedded IDEs (Figure 3.1 (c)) were
patterned prior to the deposition of the BiFeO3.

Figure 3.1: (a) Schematic of a MIM electrode configuration and top-view optical microscope image of
circular platinum capacitors on BiFeO3. (b) Schematic of an IDE electrode configuration and optical mi-
croscope image of a BiFeO3 film with platinum interdigitated electrodes. (c) Schematic of an embedded
IDE electrode configuration and optical microscope image of a BiFeO3 film with an embedded FTO IDE
underneath.

The samples were patterned using a bi-layer resist method. First, a polydimethylglutarimide-based resin
(LOR3A, Microchem) was spin-coated. This resin is not a photoresist, but it shows a controlled disso-
lution rate that can be used to obtain an undercut that enables a high-quality lift-off. Then, a positive
photoresist (S1813, Rohm and Hass Electronic Materials) was spin-coated on the top of the LOR3A. Ex-
posure was performed with a maskless lithography tool (MLA 150, Heidelberg Instruments). Prior to
exposure, a dosing test was performed to adapt the dose and the development time to the substrate of
choice and the dimensions of the device. The development of the pattern was performed using MF-319
developer (Microposit, DOW).



Chapter 3. Experimental methods 27

Two electrode materials were used in the thesis, platinum and F:SnO2. The second was only used in
embedded IDE devices, before depositing the functional layer. Platinum was sputtered using a BALTEC
MDE020 metallizer. The deposition was performed using an Ar-pressure of 3.5 × 10−2 mbar, a power
of 40W, a distance of 6 cm between the target, and the sample and for a duration of 100 s. Under these
conditions, the thickness of the layer was determined to be 100 nm. F:SnO2 (AJA International) was sput-
tered using an Orion-8 magnetron sputtering (AJA International). The Ar-pressure was set to 10−3 mbar.
A power of 110W during 20min was used. An additional two-step annealing of the F:SnO2 films, first
at 300 °C for 20min in air and at 600 °C for 5min in O2, was performed to increase conductivity and
transparency. Under these conditions, the thickness of the layer was determined to be 100 nm and a
conductivity of 100 S cm−1.

Lift-off was performed using remover PG (Microchem). An encapsulating epoxy layer was added to the
top IDE structures to prevent electrical arcs between the fingers. An epoxy-based negative photoresist
(SU-8 3005, Microchem) was spin-coated on the patterned samples, exposed, developed, and cured to
encapsulate the devices.

3.1.3 X-Ray techniques

To analyze the crystal structure, texture, and strain of the films shown in this thesis, θ/2θ measurements
were performed on a Bruker D8 diffractometer (Bruker, USA) using Cu−Kα radiation (λ=1.5406 Å).

To compare the degree of orientation of a polycrystalline film, the Lotgering factor (LF) [147] for one
specific Bragg reflection was calculated as:

LF =
p− p0
1− p

(3.1)

where p is the fraction of the sum of the peak intensities corresponding to the orientation of interest to
that of the sum of all diffraction peaks measured in the oriented film and p0 is the p of a material in which
the grains are randomly oriented, as shown in the powder diffraction file (PDF). The LF is 1 for perfect
out-of-plane orientation and 0 for completely random orientation.

Strain measurements by X-Ray diffraction

The thermal expansion coefficient (TEC) mismatch between the film and the substrates leads to ther-
mally induced substrate stress in the crystallized films.[148] Crystallization occurs at high temperatures.
During cooling down, the film and the substrate try to contract differently due to their mismatch in TEC.
However, due to clamping between the film and the substrates, the mismatch results in strained films.
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Figure 3.2: Schematic of the sin 2(Ψ) X-ray diffraction configuration. Change of the sample orientation
relative to the scattering vector via Ψ tilts. Reproduced from [149].

The in-plane strain in the films was quantified using a direct strain assessment via sin 2(Ψ) X-ray diffrac-
tion as shown in Figure 3.2. The basics of the procedure are well-described in reference [149]. Some
other examples can be found in [150, 151]. In this method, the XRD patterns around one diffraction
peak were recorded under different tilt angles. When the tilt angle increases, the scattering vector also
changes, probing the crystallographic planes that are more oblique to the film normal. For example, in
tensile strained films, the interplanar spacing will be larger perpendicular to the normal of the film than
parallel to the normal of the film. This translates into a linear decrease of the interplanar spacing with
the sin 2(Ψ). From that linear change, the deformation can be extracted from the following relation:[149]

dΨ =
(1 + ν)

(1− ν)
ϵ11d0(sin

2Ψ) +

[
1− 2ν

(1− ν)
ϵ11

]
d0 (3.2)

where ϵ11 = ϵ22 refers to the in-plane strain, ν is the Poisson ratio and d0 is the bulk lattice spacing. The
fitting of dhkl vs sin 2(Ψ) allows the determination of ϵ11.

Azimuthal scans

The θ/2θ configuration would only provide information about the out-of-plane texture of the film. How-
ever, the growth of thin film on single crystal substrates could lead to the formation of an in-plane texture
of the film. To determine the in-plane texture of a film, azimuthal scans or ϕ scans were performed. In
this measurement, the tilt angle of the diffractometer is set to a constant angleΨ, appropriate for one hk0
reflection. Then, the azimuth angle (Φ) is varied for a constant 2θ and Ψ.[152]
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X-ray reflectivity

X-ray reflectivity (XRR) is an effective technique to measure the thickness, roughness, and density of thin
films and multilayers. In this technique, the diffractometer is operated in the symmetric θ/2θ configura-
tion, but with 2θ angles between 0°and 10°.

XRR patterns of LaNiO3 thin films were measured to evaluate thickness and density using a PANalytical
X’Pert Pro diffractometer (PANalytical) with Cu-Kα radiation. XRR results were fitted using the free
software GenX.[153]

3.1.4 Atomic and piezo-response force microscopy

Atomic Force Microscopy (AFM) is a high-resolution imaging technique that uses a sharp tip (tip radius
below 10nm) to scan the surface of a sample at the nanoscale. The probe interacts with the sample’s
surface, producing amap of its topography.[154] In Piezoresponse ForceMicroscopy (PFM) a conductive
AFM tip measures the piezoelectric response of a material, providing information about its electrical and
mechanical properties at the nanoscale.[155]

All the AFM and PFM images were recorded on a MFP-3D Infinity (Asylum Research). AFM images
were obtained in tapping mode configuration with an AC160TS-R3 tip (Olympus). The topography was
imaged recording the correspondent Z piezo displacement while maintaining the amplitude of the can-
tilever’s first eigenmode (c. 265 kHz) constant at 70 nm. PFM measurements were conducted at the con-
tact resonance in Dual Amplitude Resonance Tracking (DART)mode[156] with a conductive single crys-
tal diamond AD-2.8-AS (ADAMA)with a typical cantilever stiffness of 2Nm−1 and resonance of 75 kHz.
A 5 kHz and a 1V amplitude sine wave signal were applied to the conductive tip, creating two sidebands
around the contact resonance. The lock-in demodulation of the lowest frequency side band was used to
record the PFM amplitude and phase responses. The contact resonance was found around 300 kHz.

3.1.5 Thermal analysis

Thermogravimetric analysis (TGA), which determines mass loss over a temperature range, and differ-
ential thermal analysis (DTA), which determines endo- and exothermic event temperatures, were per-
formed to estimate the pyrolysis temperature of the LaNiO3 solution.

The solution was dried overnight at 135 °C to obtain the powder. The TGA/DTA of the powder was
performed on an STA409 PC thermal analyzer (Netzsch, Germany), with a heating rate of 10 °Cmin−1

under air atmosphere.
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3.1.6 Scanning electron microscopy

The surface of the films deposited on conductive substrates was observed using a Helios NanoLab 650
(FEI, USA) scanning electron microscope (SEM). The images were taken at 3 kV, measuring the sec-
ondary electrons using a through-lens detector.

3.1.7 Transmission electron microscopy

Samples for transmission electron microscopy (TEM) analyses were prepared with a focused ion-beam
(FEI Nanolab Helios 650 - FIB) lamella preparation procedure. TEM studies were carried out using a Jeol
JEM-2100 operated at 200 kV, equipped with JED 2300 EDXS, and a probe Cs-corrected Jeol ARM 200 CF
equipped with Centurio EDX system.

3.2 Electrical characterization

3.2.1 Electric field correction in interdigitated electrodes

To characterize the in-plane ferroelectric properties, the bulk photovoltaic and the electro-optic response,
interdigitated electrodes (IDE)were used. In this geometry, the electric fieldmust be corrected to account
for the curvature of the electric field inside the material. Due to this curvature of the electric field, the
specific geometry of the IDE is key to obtaining an effective penetration of the electric field. To estimate
the equivalent area of the capacitor and the effective electrode distance required to calculate the electric
field, the model discussed in [157] was used. In this approximation, the area is calculated considering
that the electrodes extend along the thickness of the material as shown in Figure 3.3.

Figure 3.3: Illustration of the assumptionsmadewith the simplemodel for the behavior of IDE structures.
The IDE capacitor behaves like (2N – 1) parallel plate capacitors in parallel.
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This approximation is valid as long as the gap between the electrodes a and the fingerwidth b ismore than
one order ofmagnitude larger than the thickness of the film tf . Besides, to avoid a significant contribution
to themeasured current of the stray field from the tip of the fingers, the finger lengthW must be twoorders
of magnitude larger than a. In this approximation, the equivalent area of the capacitor is calculated as
(2N − 1)Wtf , with N the number of pair of fingers. To account for the curvature of the electric field, a
correction factor∆a is used, where∆a ≈ 1.324tf . The equivalent distance between electrodes is a+∆a.
Consequently, the capacitance of the IDE is defined as follows:

C = ϵ0ϵ
(2N + 1)Wtf

a+∆a
(3.3)

A detailed description of the available models for IDEs’ characterization can be found in [158].

3.2.2 Ferroelectric characterization

The characterization of the electrical properties of ferroelectric and dielectric materials, e.g., polarization
and zero-field permittivity, is key to assessing the material quality and its suitability for applications.
Ferroelectric thin film Analyzer 2000 (aixACCT) was used to perform all these measurements. For each
sample, electrical measurements were performed on several electrodes to ensure repeatability.

Small signal capacitance measurements

The zero-field permittivity was extracted from the capacitance values, which were derived from the AC
small signal current response of the capacitors upon the application of an AC electric field of 1 kV cm−1.

Polarization measurements

Several measurement methods are available to measure the ferroelectric polarization. The basics of the
measurements rely on measuring the current response of a ferroelectric capacitor upon the application
of a triangular electric field signal as shown in Figure 3.4.

The measured polarization for an ideal non-leaky capacitor can be expressed as:

∆P = P (∆t)− P (0) =

∫ ∆t

0

j(t)dt (3.4)

where ∆P is the change in polarization over time (∆t) and j the switching current density.
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Figure 3.4: (a) Example of the applied electric field waveform and current density response of a BiFeO3
capacitor used for the measurement of polarization hysteresis loops. (b) Typical resulting polarization
hysteresis loop.

When measuring the current response of a ferroelectric capacitor, one must take into account parasitic
capacitance and other set-up-dependent contributions to the measured signal.[159] In this thesis, the
virtual ground method, implemented in the Ferroelectric thin film Analyzer 2000 (aixACCT, Germany),
was used to measure the hysteresis loops. This method is especially helpful for small capacitors as it
eliminates the parasitic capacitance from cables. In this method, an operational amplifier that has its
inverting input connected to the output of a current-to-voltage converter through a feedback resistor and
to the ground is used. The voltage is measured as the difference between the operational amplifier’s
output and the ground. Ideally, the voltage difference between the inverting and non-inverting inputs is
zero or minimal, allowing the capacitor being measured to be connected to a virtual ground.[160]

A more complicated situation occurs when leaky capacitors are used. In that case, the electric displace-
ment (D) can be separated into a ferroelectric polarization contribution PFE and a leakage polarization
contribution PLK :[137]

D = ϵE + PFE + PLK (3.5)

where the leakage contribution can be written as:

PLK (t) =

∫ t

0

j (τ) dτ = Ė−1

∫ E(τ=t)

E(τ=0)

j (E) dE (3.6)

The electric field of a triangular signal can be written as:
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E(t) =



4tfEmax for 0 ≤ t ≤ 1

4f

2(1− 2tf)Emax for
1

4f
≤ t ≤ 3

4f

4(tf − 1)Emax for
3

4f
≤ t ≤ 1

f


(3.7)

where f is the cycling frequency. After integration:

PLK =
1

4fEmax



∫ Emax

0

j(E)dE for 0 ≤ t ≤ 1

4f

PLK

(
1

4f

)
−
∫ −Emax

Emax

j(E)dE for
1

4f
≤ t ≤ 3

4f

PLK

(
3

4f

)
−
∫ 0

−Emax

j(E)dE for
3

4f
≤ t ≤ 1

f


. (3.8)

Assuming that j depends explicitly only on E during the measurement, after one full triangular signal:

PLK

(
1

f

)
=

1

2fEmax

∫ Emax

−Emax

j(E)dE; (3.9)

the leakage contribution to themeasured polarization is inversely proportional to the frequency and tends
to zero at high frequency. If the hysteresis loop is saturated, the D should be linear in 1/f, and the y-axis
intercept is the remanent ferroelectric polarization.

3.2.3 Dielectric spectroscopy

Dielectric and impedance spectroscopy studies[161–163] of the BiFeO3 filmwith IDEwere performed us-
ing a Novocontrol Concept 40 dielectric spectrometer system. Measurements were performed at different
temperatures between −50 °C and 150 °C. At each temperature step, the conductivity was recorded using
an AC field amplitude of 0.2V (rms) in the frequency range of 1mHz ≤ f ≤ 50 kHz.

3.2.4 Optoelectronic characterization

Electrical measurements under light were recorded using a source-meter (Keysight, model B2901A).
The current-voltage and current-time curves were measured in the dark and under illumination. Illu-
mination was performed using a 455 nm LED (Thorlabs, model M455L4 Series) that was focused on the
IDEs. The direction of the light is kept perpendicular to the surface of the film in all the measurements.
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Light-polarization-dependentmeasurementswere obtained using awire-grid polarizer (Thorlabs, model
WP25M-VIS). The intensity of the light was measured using a photodiode (Thorlabs, model S121C). The
illuminated area is defined as the spacing between the interdigitated electrode fingers.

3.3 Optical and electro-optical characterization

3.3.1 Prism coupling technique

Figure 3.5: Schematic of the prism coupling method. The incident laser beam is reflected at the bottom
surface of the prism. A drop in the reflected intensity is observed when a waveguide mode is excited.

The thickness and refractive index of the BiFeO3 thin films were measured using an attenuated total
reflectance prism coupling technique. The theoretical description of the technique can be found in [164–
167].

A schematic of the technique is shown in Figure 3.5. The technique is based on the principle of light wave
coupling through evanescent fields to the mode of thin-film waveguides. In this technique, a high refrac-
tive index prism is brought into contact with a thin film so that a low refractive index air gap (≈ 100 nm)
separates the film and the prism. A laser beam (633 nm) strikes the base of the prism and it is reflected to
a photo-detector. The light waves in the prism and the film are coupled through their evanescent fields in
the gap. At certain angles of incidence, a waveguide mode is excited, resulting in a drop in the reflected
intensity. For a given substrate, the modes’ positions are linked to the thickness and the refractive index
of the film. The mode equation can be written as:[168]

2π

λ
ncos (θ) tf + Ψ10 +Ψ12 = mπ (m = 0, 1, 2 . . .) (3.10)
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where λ is the wavelength of the laser, n is the film index, tf is the film thickness Ψ10 and Ψ12 are the
Fresnel phase shifts at the BFO/air and BFO/substrate interfaces, respectively. To perform the measure-
ment, a commercial Metricon model 2010 prism coupler (Metricon, USA) with a GaP prism (Metricon,
Prism 200-P-6-GaP) is used.

3.3.2 Teng-Man technique

The electro-optic coefficients in thin films can be determined by measuring the change in the refractive
indexwhen an electric field is applied. Threemeasurement techniques[169] are typically used tomeasure
electro-optic coefficients in thin films: the Mach-Zehnder interferometric technique,[170, 171] the prism
coupling technique,[166] and the Teng-Man (TM) technique.[172] This thesis focuses on the Teng-Man
method instead of the other aforementioned methods. The prism coupling technique is not compatible
with interdigitated electrodes due to the need for close contact between the film and the prism. The
Mach-Zehnder interferometric method requires angular scans using both s- and p-polarized light, which
makes it more time-consuming. Additionally, the signal is more sensitive to the mechanical vibrations of
the optical components.

Figure 3.6: Schematic of the Teng-Man set-up in transmission geometry. The signal change at the pho-
todetector when anAC electric field is applied to the interdigitated electrodes is monitored using a lock-in
amplifier.

The TM technique is based on the measurement of the electric-field-induced phase shift between two
beam components with mutually perpendicular light polarization. A schematic of the Teng-Man mea-
surement set-up is shown in Figure 3.6. The EO coefficientsweremeasured using an in-house built set-up,
consisting of a He-Ne laser with a wavelength of 633 nm (Thorlabs, HRS015B), two wire grid polarizers
(Thorlabs, WP25M-VIS), a liquid crystal wave retarder (Thorlabs, LCC1423-A) coupled to a liquid crystal
controller (Thorlabs, LCC25) and a lock-in amplifier (Zurich Instruments, HF2LI 50 MHz).

A linearly polarized laser beam oriented at 45° with respect to the IDE fingers is focused on the device.
The polarized light undergoes a controlled phase shift (Φ) in the liquid crystal wave retarder. The slow
axis of the liquid crystal wave retarder is aligned with the IDE fingers. This allows to shift the phase of
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the orthogonal components of the 45° linearly polarized light, inducing a phase shift from 0 to 2π. Then,
an extra phase shift is induced in the poled polycrystalline BiFeO3. The preferential orientation of the
optical axis of individual grains after poling creates a birefringence in the film. This phase shift will be
modulated using a unipolar AC field, allowing the extraction of the electric field-induced index change
in the film. The total change of phase is converted into an intensity modulation by placing a polarizer
oriented at 90° with respect to the first polarizer and a photodetector. The mathematical description was
adapted from [134, 173]. The light electric field after going through the different polarizers can bewritten
in a Jones formalism as:

Eout =
1

2

+1 −1

−1 +1

t∥ 0

0 t⊥

eiΦLCC 0

0 1

1

1

 E0

2
√
2

(3.11)

where t∥ and t⊥ are the complex transmission coefficients of the samples for waves with polarization par-
allel and perpendicular to the direction of the ferroelectric polarization, ΦLCC is the phase shift between
∥ and ⊥ waves produced by the liquid crystal wave retarder and E0 is the electric-field amplitude of the
incident beam. The voltage generated by the photodiode (VPD) is given by:

VPD = V0

[
τ2∥ + τ2⊥ − 2τ∥τ⊥ cos

(
ΦLCC +Φ∥ − Φ⊥

)] (3.12)

where τ∥,⊥ and Φ∥,⊥ are the modulus and argument of the transmission coefficients. Assuming that τ∥,⊥
are independent of the applied electric field when an electric field (Eelec) with an amplitudeA is applied
to the film, the corresponding voltage modulation (VLI) detected by the lock-in amplifier is given by:

VLI = A× δVPD

δEelec
(3.13)

VLI = AV0

(
2τ∥τ⊥

δ(Φ∥ − Φ⊥)

δEelec
sin
(
ΦLCC +Φ∥ − Φ⊥

))
. (3.14)

The change of phase shift between ∥ and ⊥waves when an electric field is applied to the material can be
written as:

δ(Φ∥ − Φ⊥)

δEelec
=

π

λ
n3
e

(
r33 −

r13n
3
0

n3
e

)
LBFO (3.15)
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where LBFO is the thickness of the BiFeO3 layer affected by the electric field, and no and ne are the
ordinary and extraordinary index of BiFeO3, respectively. From equations 3.12, 3.14 and 3.15, the phase
change produced by the applied electric field can be expressed as a function of the amplitude of the VPD

and VLI curves and reff can be written as:

reff = r33 − r13
n3
o

n3
e

=
λV 0

LI

πn3
eLBFOAV 0

PD

(3.16)

VPD is obtained by measuring the voltage generated by the photodiode without applying an electric field
to the sample. The dependence of VPD on the phase shift induced by the liquid crystal wave retarder is
measured. The maximum of this VPD curve corresponds toΦ+∆φ = π/2 and the minimum toΦ+∆φ =

π. Then, a unipolar sinusoidalAC signal is applied to the interdigitated electrodes, changing the refractive
index of BiFeO3, andmodifying the change of phase∆φ that modulates the signal of the photodiode. The
change in amplitude and the phase of the signal is recorded by a lock-in technique due to the low signal-
to-noise ratio of the induced change. VLI is recorded as a function of the phase shift induced by the liquid
crystal wave retarder.

Several assumptions have been considered to measure reff . First, in this mathematical description, the
experimental error resulting from the reflections at the SU8/film and film/substrate interface has not been
included. Indeed, a more accurate determination of the EO coefficients requires numerical calculations
that involve the anisotropic Fresnel equation for a multilayer film stack. In addition, the description
assumes that the absorption coefficient of BiFeO3 at these wavelengths does not change with the applied
electric field. This assumption seems reasonable since thewavelength under study is far from the bandgap
of BiFeO3, where the largest electrochromic effect is expected.[174]

3.3.3 UV–visible spectrophotometry

The transmittance of the FTO-embedded IDEs was measured using an optical microscope (Olympus
BX51) coupled to a spectrophotometer (Andor Kymera 328i-C) through an optical fiber. A halogen lamp
was used as the light source.
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Chapter 4

New strategies towards high-quality

polycrystalline BiFeO3 films

4.1 Motivation

Solution-processing or sol-gel techniques are low-cost alternatives to vacuum-based techniques for the
fabrication of ferroelectric thin films. However, extensive optimization of the solution chemistry and the
processing conditions is needed to obtain films with high quality.

In this chapter, the structural and electrical characterization of solution-processed films fabricated follow-
ing different strategies is discussed. The control of texture, doping, and different electrode configurations
is used to fabricate BiFeO3 filmswith electrical properties that rival those obtained by vacuum-based tech-
niques. The chapter targets the development of a prototypical BiFeO3 system, where optically induced
functionalities such as the bulk photovoltaic effect or the electro-optic effect can be studied. The latest is
key for the physical investigations performed during this Ph.D. thesis.

As discussed in Section 2.4.1, BiFeO3 suffers from high leakage currents, which make the fabrication of
high-quality thin films challenging. The first objective of the present work is the development of solution-
processed BiFeO3 films with low leakage currents. Several processing parameters, such as crystallization
temperature, solution Bi-excess, or thickness, were optimized to obtain high-quality films. Therefore,
in this chapter, only the key and distinctive achievements toward the development of BiFeO3 films with
electrical properties rivaling those measured in epitaxial films are described.

39
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First, the strategies thatwere followed to control the texture of polycrystalline BiFeO3 are discussed. Then,
the focus is shifted to the influence of doping, particularly Ti4+ and Mnx+, on the charge transport prop-
erties of BiFeO3. The chapter finishes with a discussion of new electrode configurations with increased
fatigue and temperature resistance using transparent conductive oxides.

4.2 Control of texture using seed layers

The properties of noncentrosymmetric oxide crystals are anisotropic. Therefore, engineering the orien-
tation of the crystal or the texture in polycrystalline films is key for thin film applications. For example,
in BiFeO3 the ferroelectric fatigue properties can be enhanced by orienting the film towards the [100]pc
or [110]pc direction.[98] Besides, an out-of-plane orientation that does not match the polarization axis of
the ferroelectric allows for easier engineering of the domain structure. This can be used to optimize prop-
erties that depend on the domain structure, such as the conductivity[126] or the extrinsic contributions
to the piezoelectric effect, as demonstrated in domain-engineered BaTiO3.[175, 176]

Several strategies have been discussed in the literature to control the orientation of BiFeO3 using solution
deposition methods. The most straightforward strategy to fabricate oriented films is the use of single
crystal substrates such as (100) SrTiO3.[141, 142] However, the use of expensive single-crystal perovskite
oxide substrates is not compatible with industrial manufacturing. On the other hand, silicon is the most
important substrate for applications, but it shows a large lattice mismatch with the perovskite structure
of BiFeO3. To orientate perovskites in substrates without crystallographic matching, seed layers between
the substrate and the functional layer are commonly used. In BiFeO3, using textured perovskite back
electrodes such as (111)-oriented SrRuO3[120] or (100)-oriented LaNiO3[107, 177, 178] and depositing
seed layers such as (100)-oriented Bi2O3,[116] PbO,[179] and Ca2Nb3O10.[180] were demonstrated to be
an effective strategy to obtain well-oriented films. However, all these BiFeO3 films showed leaky ferro-
electric loops or the electrical properties were only recorded at high frequencies (100 kHz), where the
large switching current (frequency-dependent) hinders the leakage currents.

Three strategies to engineer the orientation of BiFeO3 are presented in this section. First, themain strategy
used in the thesis will be discussed, the use of a PbTiO3 seed layer. The superior electrical properties of
BiFeO3 films on PbTiO3 combined with the industrial scalability of the process makes it the system of
choice for physical investigations. Other strategies such as the use of highly oriented LaNiO3 bottom
electrodes and LaAlO3 single crystal substrates are also discussed.
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Figure 4.1: (a) Top-view SEM micrographs of the PbTiO3 seed layer deposited on platinized silicon sub-
strates. (b) Cross-section.

4.2.1 PbTiO3 seed layer

The first approach to tune the orientation of BiFeO3 is the use of a (100)pc-oriented PbTiO3 seed layer.
Godard et al.[136] developed a process to synthesize highly oriented PbTiO3 seed layer using 1-methoxy-
2-propanol as a solvent. This highly oriented seed layer was proved to induce a high orientation towards
the (100)pc in PbTi0.52Zr0.48O3 thin films. A SEMmicrograph of the seed layer can be found in Figure 4.1.
They display nanocrystal clusters of PbTiO3 with well-defined facets.

BiFe0.93Mn0.05Ti0.02O3 thin films with different thicknesses with and without PbTiO3 seed layer were syn-
thesized on commercial platinized silicon substrates as described in Section 3.1.1. The crystallographic
structure of the films with and without seed layer was characterized via X-ray diffraction (XRD). The
XRD patterns of the films with a thickness of 50 nm, 100 nm and 200 nm, with and without PbTiO3 seed
layer are depicted in Figure 4.2. The Miller indices for a pseudocubic notation system were used to name

Figure 4.2: (a) XRD patterns of BiFeO3 thin films without the PbTiO3 seed layer. (b) with the seed layer
(*: refers to the platinized silicon substrate peaks)
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the peaks. The pattern indicates polycrystalline BiFeO3 with no secondary phases according to its PDF
card (# 00-066-0439).[181] No splitting of the (110)pc peak is observed due to the modification of the
lattice parameters induced by Mn-doping.[120]

The different relative intensity between the (100)pc and the (110)pc reflections indicates different out-
of-plane textures between the films. The degree of texturing was quantified using the Lotgering factor
(LF) as described in Section 3.1.3. For the non-seeded samples, the LF is 0.19 for a 50 nm film, 0.32 for a
100 nm film, and 0.81 for a 200 nm. For the samples with a PTO seed layer, the calculated LF is 0.98 for a
50 nm film, 0.97 for a 100 nm film, and 0.96 for films with a thickness of 200 nm. The increased degree of
orientation of the non-seeded films with thickness indicates that the crystallization of BiFeO3 on (100)pc
planes is energetically favored. The highly oriented PbTiO3 favors heterogeneous nucleation of BiFeO3

on the seed layer, inducing an orientation of the out-of-plane direction of the film towards the [100]pc
direction.

Figure 4.3: Bright-field (BF) TEMmicrographs, selected area electron diffraction (SAED) diffractograms
and dark-field (DF) TEM micrographs of BiFeO3 films without seed layer (up) and with seed layer
(down).
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Figure 4.3 (a) and (b) shows the bright-field TEM cross-sections for the BiFeO3 films with a thickness
of (200 ± 20) nm without and with seed layer respectively. Both films show a granular morphology.
Interestingly, no columnar structure, i.e., grain extending along the whole thickness, is observed in the
highly oriented samples. A columnar structure usually appears in polycrystalline films with such a high
degree of orientation.[67, 179]

The increased degree of texture in the film with seed layers can also be observed in the selected area
electron diffraction (SAED)micrographs for the sample with seed layer (Figure 4.3 (d)) compared to the
sample without (Figure 4.3 (c)) seed layer. The SAED diffractogram of the sample with the seed layer
does not show the characteristic diffraction rings that usually appear in randomly oriented ceramics.[182]
Instead, it displays an elongated shape of the [100]pc and [200]pc reflections indicating that the films are
[100]pc-oriented when the seed layer is used. The [100]pc orientation of the perovskite coincides with
the [111] orientation of the platinum bottom electrode, suggesting that the highly-oriented platinum
substrate plays a role in the orientation of the perovskite. When the seed layer is used, the grains are
[100]pc-oriented as [100]BFO∥[100]PTO∥[111]Pt. On the other hand, the filmwithout a seed layer does not
show a crystallographic orientation matching between the oriented Pt and the film (Figure 4.3 (f)).

The dark-field (DF) image of the (100)pc reflection of the BiFeO3 film with seed layer (Figure 4.3 (f)) dis-
plays a high concentration of (100)pc grains (brighter grains) close to the BFO/Pt interface. On the other
hand, far from the BFO/Pt interface, the concentration of (100)pc-oriented grains is lower, in agreement
with the slight reduction of the LF with thickness in the seeded samples. The DF micrograph of the films
without the seed layer (Figure 4.3 (e)) displays a random distribution of (100)pc-oriented grains across
the film.

The influence of the seed layer on the surface morphology of the BiFeO3 films is shown in Figure 4.4 (a)-
(b). The grain size was measured using ImageJ software. The grain size values are (70 ± 30) nm for the
non-seeded film and (140 ± 80) nm for the seeded films. The influence of the seed layer on the cross-
sectional morphology was observed by SEM in Figure 4.4 (c)-(d) and in the annular dark-field (ADF)
scanning TEM micrographs in Figure 4.4 (e)-(f). The films show similar morphology. Larger grains are
observed in the films with seed layer (40 nm to 150 nm) compared to the films without the seed layer
(40 nm to 100 nm).

To study the influence of the seed layer on the ferroelectric and electrical properties, Pt/BFO/Pt MIM
capacitors were prepared as described in Section 3.1.2. The zero-field relative permittivity at a frequency
of 5 kHz and an AC field of 10 kV cm−1 was (150 ± 5) and (175 ± 5) before and after poling, respectively,
for the four films. The permittivity increases upon poling of the capacitor. tan(δ) has a value of 0.1 with
and without the seed layer and does not change with poling.
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Figure 4.4: (a) SEM surface micrograph of a 200 nm BiFeO3 film without seed layer and (b) with seed
layer. (c) Cross-sectionalmicrograph of a 200 nmwithout seed layer and (d)with seed layer. (e) Annular
dark-field (ADF) scanning TEM (STEM) micrographs of cross-sections of BiFeO3 films without a seed
layer and (f) with a seed layer.

The influence of the seed layer on the ferroelectric properties of BiFeO3 is shown in Figure 4.5. The films
with a seed layer and larger thickness (200 nm) show sharper P(E) loops with substantially lower leak-
age. The reduction of leakage current is particularly clear at high electric fields as demonstrated by the
transient current density curves. Two hypotheses appear plausible for the reduction of leakage current:
the larger grain size when the seed layer is used, i.e., grain boundaries act as conductive pathways, or the
different degree of orientation of the film.

To better understand the ferroelectric switching in the seeded BiFeO3 films, frequency- and electric-field-
dependent ferroelectric hysteresis loopswere recorded. An example of thismeasurement is demonstrated
in Figure 4.6 (a)-(d) for the 200 nm thick BiFeO3 film with PbTiO3 seed layer. Ferroelectric loops with
low leakage contribution are measured even when low frequencies (300Hz) are used. When the cycling
electric field is increased, the P(E) loops saturate, but leakage contribution to the measured polarization
increases. Special care must be taken in separating the switching contribution and leakage contribution
to the measured polarization. According to Equation 3.9 in Section 3.2.2, the leakage contribution to
the measured dielectric displacement in the measured frequency range (100Hz to 5000Hz) is inversely
proportional to the frequency and tends to zero at high frequencies if the P(E) loop is saturated. In this
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Figure 4.5: Polarization hysteresis loops (solid line) and the current density curves (dashed line) of
BiFeO3 thin films in metal-insulator-metal configuration for films with a thickness of 100 nm and 200 nm.
The loops were recorded at 1 kHz. Red: Without seed layer. Green: With seed layer.

condition, the remanent ferroelectric polarization can be extracted from the y-axis intercept. Here, the
leakage contributions to the remanent polarization plus the real remanent polarization are labeled as
apparent remanent polarization (Papp).

The values of Papp were plotted as a function of the inverse of the frequency in Figure 4.6 (e)-(h). When
low cycling electric fields are used, Papp shows a non-linear increase with the inverse of the frequency
due to the lack of saturation in the hysteresis loops. When the frequency is decreased, the switching and
the leakage contributions to the polarization change, giving rise to the non-linear behavior observed at
1400 kV cm−1 and 1100 kV cm−1. On the other hand, at high cycling electric fields (1900 kV cm−1), the
ferroelectric loops start saturating and the leakage current is the only frequency-dependent contribution.
At high electric fields, a linear behavior between Papp and the inverse of the frequency is obtained. The
measured remanent polarization values are summarized in Table 4.1.

Pr (µC cm−2) Ec (kV cm−1) EBreak(kV cm−1)

No seed layer (200 nm) 49 ± 1 550 ± 30 1800 ± 200

No seed layer (100 nm) 49 ± 1 670 ± 30 1800 ± 200

With seed layer (200 nm) 51 ± 1 500 ± 30 2200 ± 200

With seed layer (100 nm) 50 ± 1 600 ± 40 2000 ± 200

Table 4.1: Calculated Pr, Ec, and EBreak for each configuration.
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Figure 4.6: (a-d) Ferroelectric hysteresis loops measured at frequencies ranging from 300Hz and 5 kHz
in the BiFeO3 film with PbTiO3 seed layer and a thickness of 200 nm. The cycling electric fields were (a)
1100 kV cm−1, (b) 1400 kV cm−1, (c) 1700 kV cm−1, and (d) 1900 kV cm−1. The arrow indicates increasing
frequency. (e-h) Papp as a function of the inverse of the frequency in the BiFeO3 capacitors for (e) 100 nm
film without seed layer (f) 200 nm film without seed layer (g) 100 nm film with seed layer (h) 200 nm
film with seed layer.
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Similar Pr values are obtained in the films with and without the seed layer. The Pr values, around
50µC cm−2, are close to the maximum polarization for a (100)pc-oriented film: the polarization is ori-
ented along the (111)pc axis of the BiFeO3 unit cell and has a value of 100µC cm−2.[98] On the other
hand, the coercive field decreases with the use of the PbTiO3 seed layer. This can be explained by the
formation of a dielectric material with increased permittivity (ϵPTO ≈ 300) at the Pt-PbTiO3-BiFeO3 in-
terface, which increases the effective electric field that is applied to the BiFeO3 layer and decreases the
measured coercive field. When the electric field is applied, the voltage drop is produced in the layer with
lower permittivity, which in this case is the BiFeO3 film, resulting in lower values of the coercive field.
Additionally, the breakdown electric field of the films increases when the seed layer is used.

The observed Pr and leakage characteristics are similar to those reported for (100)pc-oriented epitaxial
thin films, processed by PLD[98] and solution-processing.[141] The coercive field values are significantly
larger than in epitaxial thin films (Ec ≈ 100 kVcm−1). Themain origin of the larger Ec may be the granular
microstructure, i.e., larger fields are needed to overcome the depolarizing electric fields and mechanical
stresses at the grain boundaries. The increase in the coercive field may lead to a more stable domain
structure once poling is achieved.

In-plane vs out-of-plane switching

Low leakage ferroelectric loopswere obtained in the films deposited on platinized silicon substrates using
MIM capacitors in the out-of-plane configuration. However, to study the in-plane ferroelectric properties
the films need to be deposited on insulating substrates, e.g., fused silica, sapphire, or MgO.

Figure 4.7: XRD patterns of 200 nm thick Mnx+ and Ti4+ co-doped BiFeO3 thin films on fused silica, with
and without seed layer.
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PbTiO3 also acts as a seed layer to induce a (100)pc orientation to the BiFeO3 thin films on other substrates
without the highly (111)-oriented Pt back electrode. 200 nm thick Mnx+ and Ti4+ co-doped BiFeO3 thin
films were deposited on fused silica substrates following the procedure described in Section 3.1.1. Fig-
ure 4.7 shows the XRDpatterns of the thin films on fused silicawith andwithout PbTiO3 seed layer. When
the seed layer is not used, the films are randomly oriented while the samples with PbTiO3 seed layer are
(100)-textured with a LF of 0.65.

Figure 4.8: Polarization hysteresis loops of 200 nm thick Mnx+ and Ti4+ co-doped BiFeO3 thin films in
out-of-plane (red) vs in-plane configuration (blue).

To study the in-plane ferroelectric properties of films deposited on fused silica substrates, platinum inter-
digitated electrodes were patterned as described in Section 3.1.2. The IDEs consist of 50 pairs of fingers
with an effective length of 370µm. The width of the fingers is (4.6 ± 0.5) µm, and the space between
fingers is (2.5 ± 0.5) µm.

The P(E) loops in both geometries are compared in Figure 4.8. As shown in Figure 4.6, the films cycled
at 1000 kV cm−1 and 1 kHz in MIM geometry are not saturated, resulting in lower Pr. On the other hand,
at the same electric fields, the hysteresis loop in the IDE geometry is saturated. Electric fields larger than
1200 kV cm−1 lead to the breakdown of the IDE capacitors. The coercive field is larger in the samples
in MIM geometry. The origin of the increase may be due to either the presence of dissimilar interfaces
or the presence of chemical gradients within the individual layers. Additionally, sharper P(E) loops are
obtained in IDE geometry.
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4.2.2 LaNiO3 seed layer

Another strategy to induce a preferential orientation to solution-processed BiFeO3 thin films is the use
of a highly-oriented LaNiO3 back electrode on platinized silicon substrates. LaNiO3 is a cubic perovskite
with a lattice parameter of 3.84 Å. It has a metallic character at room temperature with a conductivity of
104 W−1 m−1. Several reports have shown the possibility to use LaNiO3 to induce a texture to ferroelec-
tric perovskites such as PZT[140, 183] or BTO[184] showing excellent fatigue properties. Moreover, the
non-epitaxial growth of (100)-oriented LaNiO3 can be favored under specific processing conditions by
techniques such as sputtering[184] or chemical solution deposition.[140, 183]

LaNiO3 thin film were grown as described in Section 3.1.1. Following the procedure discussed by
Miyazaki et al.[140] pyrolysis was initially performed at 350 °C for 3min.

Figure 4.9: SEMmicrographs of a LaNiO3 thin film on a platinized silicon substrate, fabricated following
the conditions discussed in [140]. (a) Surface morphology and (b) cross-section of the film.

Figure 4.9 shows the morphology of the as-deposited LaNiO3 films. A porous microstructure was ob-
tained. The presence of a porous microstructure is often due to the incomplete pyrolysis of the organic
components of the solution.

Figure 4.10 (a) shows the DTA/TGA analysis of the dried solution. The sample was prepared as stated
in Section 3.1.5. Three main exothermic peaks were observed in the DTA analysis. The two first peaks,
around 270 °C and 450 °C are linkedwith a reduction of themass of the sample, which indicate the pyroly-
sis of the organic compounds. A third peak around 650 °C, withoutmass loss, indicates the crystallization
temperature of LaNiO3. The chosen pyrolysis temperature of 350 °C is not enough to remove the organics
of the solution. Therefore, pyrolysis at higher temperatures and longer times was performed to obtain
films with lower porosity.
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Figure 4.10: (a) DTA/TGA analysis of the LaNiO3 dried solution. (b) XRR intensity pattern and (c) SEM
micrographs of LaNiO3 films processed using different pyrolysis times. The arrow in (b) shows the shift
of the XRR density edge, indicating the increased density of the film with pyrolysis time.

Following the DTA/TGA results, the pyrolysis temperature was set to 450 °C and the pyrolysis time was
varied to reduce the porosity of the film. The porosity of a film is directly linked to its density. For the
same material, the higher the density of the material is, the lower the porosity. XRR was used to compare
the density of the film pyrolyzed during different times. Figure 4.10 (b) display the XRR pattern of
LaNiO3 with different pyrolysis times. The density edge was defined as the half-maximum of the XRR
intensity. The density edge of the films is shifted to larger 2θ angles as the pyrolysis time is increased,
indicating that the porosity of the film is reduced when the pyrolysis time is increased. The same trend
is observed in the SEM images in Figure 4.10 (c). The thickness of the optimized films was (49 ± 3) nm
and the roughness (RMS) (3.0 ± 0.5) nm as obtained from the XRR fits.

After the optimization of the LaNiO3 films, BiFeO3 films with a thickness of 50 nm were grown on the
LaNiO3 film. The crystallographic structure of the films with and without LaNiO3 was characterized
via XRD. The XRD patterns of the LaNiO3 film and the BiFeO3 films with and without LaNiO3 seed
layer are depicted in Figure 4.11. No secondary phases are observed. Highly (100)pc-oriented LaNiO3

are obtained. The different relative intensity between the (100)pc and the (110)pc in the BiFeO3 films with
andwithout LaNiO3 seed layer indicates different out-of-plane texture of the film. To quantify the degree



Chapter 4. New strategies towards high-quality polycrystalline BiFeO3 films 51

Figure 4.11: XRD patterns of LaNiO3, BiFeO3 and BiFeO3/LaNiO3 thin films after optimization of the
processing parameter.

of texturing, the LF was calculated as described in Section 3.1.3. When the LaNiO3 seed layer is used, the
calculated LF of BiFeO3 is increased from 0.19 to 0.87, compared to 0.98 of the BiFeO3 with PbTiO3 seed
layer. Additionally, based on the data collected during the optimization of the LaNiO3 seed layer, it was
found that low heating rates during the crystallization step are key to achieving such a high degree of
orientation.

To study the influence of LaNiO3 in the ferroelectric and electrical properties, Pt/BFO/LNO/Pt capacitors
were prepared as described in Section 3.1.2. However, all the measured capacitors in the film were short-
circuited. To better understand the shorting of the BiFeO3 capacitors upon deposition on LaNiO3, the
chemical composition across the thickness of the film was determined using SIMS.

Figure 4.12 (a) displays the SIMS profile of the BiFeO3/LaNiO3 stack. The 209Bi extends along the whole
thickness of LaNiO3 indicating the presence of BiFeO3 inside the film and therefore the formation of a
composite between BiFeO3/LaNiO3 instead of two independent films. From Figure 4.12 (b), a change in
the morphology is observed in the bottom part of the film, which is linked to a reduction of the intensity
of 139La. During the deposition of BiFeO3, the solution infiltrates into the porous LaNiO3, forming a
composite instead of a sharp interface. The development of high quality BiFeO3/LaNiO3 requires the
reduction of the porosity in the LaNiO3. In this specific case, the modification of the solution chemistry
may be the best strategy to reduce the porosity of the film.
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Figure 4.12: (a) SIMS depth profile of the BiFeO3/LaNiO3 stack. The 139La and 209Bi profiles do not show
a sharp interface, which indicates the mixing between BiFeO3 and LaNiO3 layers. The 196Pt and 48Ti
peaks under the film correspond to the Pt electrode and the TiOx adhesion layer. (b) SEM cross-section
micrograph of the BiFeO3/LaNiO3 stack.

This approach was not further pursued in this Ph.D. thesis due to the limitations of the LaNiO3 seed
layer. The conductive nature of the seed layer made it incompatible with IDE configuration, key for the
physical investigations performed in this thesis. In addition, in MIM configuration, LaNiO3 shows lower
conductivity than platinum.

4.2.3 Quasi-epitaxial thin films using single crystal substrates

Traditionally, the most efficient strategy to induce a preferential orientation to a perovskite thin film is to
grow the film on a single crystal of the perovskite structure type with matching lattice parameters that
allow an epitaxial growth.[185] Additionally, epitaxial thin films allow the measurements of the in-plane
tensor components of the bulk photovoltaic effect or the electro-optic effect that do not follow the direction
of ferroelectric polarization.

Different single crystals, such as DyScO3,[186, 187] SrTiO3,[188] LSAT,[189] are typically used to grow
BiFeO3. However, most of the crystals are perovskites with high dielectric permittivity, e.g., SrTiO3

shows ϵr = 102 − 103. In IDE geometry, a substrate with high permittivity would create a high dis-
placement current that will not allow the study of ferroelectric switching in the perovskite. Between the
perovskites that are traditionally used to grow BiFeO3, LaAlO3 show one of the lowest dielectric permit-
tivities, ϵr = 20,[190]which is in the same order ofmagnitude as other substrates that are typically used in
interdigitated electrode system, e.g., MgO, ϵr = 10, Al2O3, ϵr = 10. The lattice parameter misfit between
LaAlO3 and BiFeO3 is 4.3%. In solution-processed films, epitaxial strain relaxation through the forma-



Chapter 4. New strategies towards high-quality polycrystalline BiFeO3 films 53

tion of dislocation or grains is expected. Consequently, the growth of BiFeO3 on single crystal LaAlO3

was attempted. Solution-processed BiFeO3 were fabricated on (100)pc LaAlO3 substrates following the
procedure described in Section 3.1.1.

Figure 4.13: (a)θ/2θ scans of the BFO/LAO (red) and LAO (blue) structures. (b) Φ scan of the (104)
reflections of BFO (blue) and LAO (red) in the BFO/LAO structure.

Figure 4.13 (a) shows the θ/2θ scan of a 50 nm BiFeO3 film deposited on LaAlO3. The films show perfect
out-of-plane orientation towards the [012] direction, [100] in pseudocubic notation. The in-plane texture
of the film was analyzed by performing Φ scans of the (104) reflection of BiFeO3 with respect to the
(104) reflections of LaAlO3. The Φ scans are displayed in Figure 4.13 (b). Four peaks separated by 90°
indicate the in-plane texture of the film. The broadening of the (104) reflections in BiFeO3 indicates
lower film crystalline quality than LaAlO3. These results give the following epitaxial relations: (100)pc
BiFeO3∥(100)pc LaAlO3.

Figure 4.14 shows the AFM surface topography of the film. The images indicate the presence of pores in
the microstructure, indicating incomplete pyrolysis of the organics within the pyrolysis step. In contrast
to the films deposited on other substrates, the deposition of the film on a single crystal substrate may
reduce the crystallization temperature of the film, resulting in an overlap between the complete pyrolysis
of the film and the crystallization of the film. Besides, a closer look at the microstructure reveals the
formation of grains, indicating that, despite the in-plane texture of the film, different in-plane oriented
grains are formed.

Further optimization of the growth of solution-processed BiFeO3 films on single crystalline substrates is
needed to achieve high-quality films. The optimization of the deposition parameters as well as the electri-
cal characterization of the films was not feasible during this thesis due to time constraints. Nonetheless,
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Figure 4.14: Topography AFM images of a solution-processed BiFeO3 film on LaAlO3 showing a porous
microstructure.

the fabrication of epitaxial oxide perovskites using solution-deposition methods was further investigated
during this thesis on the example of PbZrO3. The detailed fabrication and characterization of epitaxial
PbZrO3 by CSD are discussed in Appendix A.

4.3 Influence of doping in the charge transport properties

As discussed in Section 2.4.1, the doping of BiFeO3 with Mnx+ and Ti4+ substantially reduces the leakage
properties in polycrystalline BiFeO3. However, no systematic study on the influence of Mnx+ and Ti4+

doping in the low field and high field charge transport properties can be found in the literature. Conse-
quently, the influence of doping on the ferroelectric switching and the charge transport properties was
studied both in MIM and IDE configuration.

As outlined in Section 3.1.2, in MIM configuration the field is applied out-of-plane while in IDE configu-
ration the field is applied in-plane. Several differences have to be taken into account:

1. In sol-gel films the formation of out-of-plane chemical gradients is common due to the volatility of
some elements that leads to the formation of dissimilar interfaces.[191]

2. The bottom and top electrodes are different, during crystallization the bottom electrode is exposed
to high temperatures that can lead to the formation of secondary phases in the interface, such as BiPt
or PbPt alloys,[192] while the top electrode is not exposed to the high crystallization temperatures.

3. Texture may play a role in the charge transport mechanism. In MIM, charge transport is mainly
along the (100) direction, whereas in IDE, it is a random combination of all orientations.
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In that regard, even if the MIM configuration is more interesting for most applications, the complexity
induced by the differences stated above makes the IDE configuration simpler to understand the intrinsic
charge transport properties of the material.

Polycrystalline BiFeO3 thin films were prepared by chemical solution deposition methods as described in
Section 3.1.1. Four BiFeO3 precursor solutions were prepared: BiFeO3 (BFO), BiFe0.95Mn0.05O3 (BFMO),
BiFe0.98Ti0.02O3 (BFTO), and BiFe0.93Mn0.05Ti0.02O3 (BFMTO). For the MIM structures, the samples were
deposited on platinized silicon substrates. For the IDE structures, the samples were deposited on fused
silica substrates.

Figure 4.15: (a) j(E) transient loops recorded at 5 kHz and (b) DC j(E) leakage current measurement
under different doping conditions. The measurements were performed in MIM capacitors.

The transient current density j(E) loops and the DC j(E) curves of 200 nm-thick BiFeO3 films in MIM
configuration were recorded for the four doping concentrations as depicted in Figure 4.15. The transient
current density j(E) loops in Figure 4.15 (a) display a reduction of the high field conductivity in the BFMO
and BFMTO systems compared to BFO and BFTO. The coercive field (Ec) also increases with the addition
of Mnx+ or Ti4+, as observed in the shift of the switching current peaks. The BFO and BFTO regularly
broke down at cycling voltages higher than 750 kV cm−1.

The asymmetry between the positive and negative sides in BFO and BFTO highlights the accumulation
of defective layers at the interface, which makes the separation between the intrinsic material properties
and interface effects difficult. The low leakage currents at high fields in the BFMTO system allow for an
efficient poling of the film, which is required to exploit its bulk photovoltaic and linear electro-optical
properties.
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The picture is different for the low field leakage properties as reflected in the DC j(E) curves in Fig-
ure 4.15 (b). At low electric fields, the conductivity in BFO and BFTO is lower than in BFMO and
BFMTO. However, the leakage curves in BFO and BFTO quickly outpace the BFMO and BFMTO above
100 kV cm−1. On the other hand, a linear increase (ohmic behavior) is observed in BFMO and BFMTO,
suggesting a change in the conduction mechanism when Mnx+ is introduced in the system.

Figure 4.16: (a) Frequency-dependent P(E) loops and (b) DC j(E) leakage currentmeasurements of films
with different dopants deposited on fused silica. The measurement was performed using IDE capacitors.
The arrows in (a) indicate increasing frequency.

To separate the contributions that arise from interface effects, the same analysis was performed in IDE
configuration. The P(E) loops at different cycling frequencies recorded for different doping configura-
tions are shown in Figure 4.16 (a). The high conductivity at high field in the BFO system leads to a strong
contribution of leakage to the measured polarization, even at high frequencies. The addition of 2% Ti4+

doping reduces the high-field leakage current contribution at high frequency, but leaky polarization hys-
teresis loops remain at low frequency. Both BFMO and BFMTO show reduced leakage currents in the
whole studied frequency range, supporting the use of a co-doped system to achieve a high degree of
poling. Both the addition of Ti4+ and Mnx+ reduce the high field conductivity. The situation is different
in the DC density-electric field characteristics. (Figure 4.16 (b)) The measurements were restricted to
90 kV cm−1 due to the breakdown of the capacitor at higher DC electric fields. When Mnx+ is introduced
in the system, the low field conductivity increases. Moreover, the j-E behaviors shift from an exponential
increase in BFO to an ohmic behavior when Mnx+ is introduced, suggesting a change in the conduction
mechanism of the film. On the other hand, Ti4+ reduces the conductivity of BFO both at low field and at
high field. A clear influence of the doping on the charge transport properties of BiFeO3 is evidenced by
the electrical measurements.
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Figure 4.17: AC conductivity as a function of frequency for temperatures from −50 °C to 150 °C of the (a)
BFO, (b) BFTO, (c) BFMO and (d) BFMTO IDE capacitors. The arrows indicate increasing temperature.

To better understand the mechanism behind this improvement, dielectric spectroscopy studies were car-
ried out on the IDE capacitors. AC conductivity as a function of frequency plots in a wide range of tem-
peratures is seen in Figure 4.17 (a)-(d). At low frequencies the samples exhibit a resistor behavior, the
conductivity does not depend on the frequency, while at high frequencies the samples show a capacitor
behavior as described by:

σ = σDC +Bωn, (4.1)

where σDC is the conductivity under constant field, and Bωn express the conductivity under alternating
field. B is a constant for a particular temperature, and n defines an exponent subjected to temperature
and frequency.
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The conductivity in the Mn-doped BiFeO3 at room temperature is two orders of magnitude larger than
in BFO. The conductivity in BFTO is one order of magnitude lower than in BFO, in agreement with the
DC j(E) curves. (Figure 4.16) The low field conductivity as a function of doping follows σBFTO < σBFO <

σBFMO ≤ σBFMTO.

Figure 4.18: Arrhenius plots of the frequency independent AC conductivity (σDC) vs temperature of the
(a) BFO, (b) BFTO, (c) BFMO, and (d) BFMTO IDE capacitors. The point represents the experimentally
measured conductivity values while the lines display the linear fit following Equation 4.2.

The influence of doping in the predominant charge transport mechanism at low fields can be extracted
from the Arrhenius plots of the frequency-independent conductivity and temperature. The σDC can be
described by a thermally activated behavior following an Arrhenius function:

σDC = σ0 exp
−Ea

kBT
(4.2)
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where kB is Boltzmann’s constant, σ0 is the attempt conductivity, which represents the temperature-
independent conductivity, and Ea is the activation energy. As indicated by Equation 4.2, Ea can be ex-
tracted from the linear fit of the natural logarithm of the frequency independent AC conductivity against
1/T.

The plots are shown in Figure 4.18. Unfortunately, for BFO and BFTO the frequency-independent con-
ductivity region can only be accessed at high temperatures, leading to a reduced number of data points
available for the Arrhenius plot. At low temperatures, the frequency-independent term is drowned out
by the frequency-dependent term. The conductivity data show temperature ranges that can be fitted by a
straight line. The extracted activation energy values, together with the DC conductivity values at 100 °C
are summarized in Table 4.2.

Ea (eV) σDC (W−1m−1)

BiFeO3 1.3 ± 0.2 (7.5 ± 0.5) × 10−9

BiFe0.98Ti0.02O3 1.3 ± 0.3 (5.5 ± 0.5) × 10−10

BiFe0.95Mn0.05O3 0.4 ± 0.1 (5.5 ± 0.5) × 10−6

BiFe0.93Mn0.05Ti0.02O3 0.4 ± 0.1 (8.5 ± 0.5) × 10−5

Table 4.2: Extracted Ea and σDC at 100 °C for the BFO, BFTO, BFMO and BFMTO IDE capacitors.

TheEa values are similar in BFO and BFTO systems. However, whenMnx+ is added, theEa is drastically
reduced, indicating a different charge transport mechanism. In BFO, the high concentration of VO is
responsible for the high conductivity.[193, 194] During the crystallization step at high temperatures (e.g.
600 °C), oxygen loss in the film is accelerated, leading to the formation of oxygen vacancies. This process
can be described by the Kröger-Vink notation as follows:

Ox
O → VO +

1

2
O2, (4.3)

where Ox
O is O2− on the O site. Conduction electrons can be released from neutralized oxygen vacancies

by a first ionization and a second ionization step as follows:

VO → V·
O + e′ → V··

O + 2e′. (4.4)
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The Ea values for BFO and BFTO correlate with the activation energy for oxygen vacancy (VO) migra-
tion.[111, 195]At lowfields, they are relatively immobile, leading to low conductivity at low electric fields,
but at high electric fields, they become delocalized, causing high conductivity. In the case of BFTO, the
lower conductivity can be attributed to the introduction of an donor dopant. Ti4+ lowers the concentration
of V··

O to compensate for the charge balance according to:

4TiO2 + 2V··
O → 4Ti·Fe + 2Ox

O + 3O2. (4.5)

The reduction of Ea in the BFMO and BFMTO systems suggests a change in the charge transport mech-
anism. First-principles calculations show that Mnx+ introduces intra-bandgap defects whose energy de-
pends on the oxidation state of Mnx+. The calculated energy difference between the valence band and the
Mn2+ levels is 0.6 eV and between the Mn2+ and the Mn3+ is 0.3 eV.[196]

The low energy difference between these energy levels and the reduction of the Ea suggests that the
conductivity in the BFMOandBFMTOmay be dominated by hole injection in the valence band or electron
hopping between the Mn3+ and Mn2+ levels. At low field, these are more easily excited than the VO,
leading to high low-field dark conductivity. Additionally, first-principle calculations show that Mn3+ can
act as an effective trap for VO,[118] explaining the reduced high-field conductivity in the BFMO and
BFMTO systems.

4.4 Transparent embedded interdigitated electrodes

Ferroelectric properties rivaling those obtained in high-quality epitaxial thin films can be achieved by
careful tuning of the microstructure using a PbTiO3 seed layer and precise doping with Ti4+ and Mnx+.
Particularly, the high-quality properties obtained in the BFMTO system with IDE configuration will be
used as a reference system to study the bulk photovoltaic effect and the electro-optic effect in polycrys-
talline BiFeO3.

However, the system shows several limitations that could negatively impact some applications:

1. The epoxy-based encapsulating (SU8) layer prevents electric arcs between the IDEs at switching
electric fields. This SU8 layer cannot withstand temperatures higher than 300 °C, limiting the tem-
perature application range of the device.[197]
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2. The devices show poor fatigue properties: after 104 switching cycles, electrical arcs between the IDE
fingers due to the deterioration of the SU8 layer during switching or the breakdown of the material
lead to the breakdown of the devices. This limits applications that require continuous switching of
the material.

3. Current applications of ferroelectric oxides require transparency, e.g., the integration of haptic de-
vices in screens or the integration of electro-optic windows, which involves substituting the Pt elec-
trodes with transparent electrodes.

To increase the application temperature range of the devices, embedded IDEs were developed. In this
configuration, IDEs were patterned on an insulating substrate by lift-off photolithography and Pt sput-
tering. Then, BiFeO3was deposited on the IDE structure. The IDEs are sandwiched between the substrate
(with higher permittivity than air) and the BiFeO3 film. Therefore, effective switching of the BiFeO3 was
possible in the whole temperature range, only limited by the increased leakage currents at high temper-
atures. However, the large difference between the TEC of the metal and BiFeO3 induces high strain in
the IDEs during the high-temperature annealing that typically results in cracked electrodes with similar
breakdown properties of the standard IDE devices as well as the same lack of transparency.

In ferroelectric oxides, the accumulation of oxygen vacancies at the ferroelectric-metal interface is asso-
ciated with the pinning of domain walls, and phase decomposition that prevents the switching of the
domains and leads to material breakdown.[30, 198] To overcome these limitations, it is widely accepted
that conductive oxides act as an efficient sink for oxygen vacancies that emigrate from the ferroelectric ox-
ide upon switching, suppressing oxygen vacancy accumulation at the interface and leading to increased
fatigue resistance. Several metallic conductive oxides such as LaNiO3[199] or LSMO[167] are typically
used as oxide electrodes to reduce ferroelectric fatigue. However, these oxides are not transparent.

An alternative to these metallic oxides is the use of degenerate semiconductors, where the high doping
levels lead to high conductivity while being transparent (Transparent conductive oxides, TCOs).[200]
Typical TCOs often used for transparent devices areAl:ZnO,[201] In:SnO2[202] or F:SnO2.[203]However,
the transparency and conductivity of the material are very sensitive to the annealing conditions, most of
them are not good conductors at temperatures above 200 °C.[204] The most temperature-resistant TCO
is F:SnO2 (FTO), often used as a back contact for solar cells.[205] Good conductivity and transparency
have been achieved after annealing around 600 °C,[206] very close to the crystallization temperature of
the process used for BiFeO3.

FTO IDEs were patterned by lift-off photolithography and sputtering on an insulating substrate. In this
configuration, sapphire was chosen as an insulating substrate because its TEC is very similar to the TEC
of BiFeO3 and FTO. When a substrate such as fused silica, with very low TEC, is used, the high internal
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stresses between the substrate, IDEs, and film lead to cracking of the structure when large structures are
patterned. Special attention needs to be paid to the lift-off process, which requires an ultra-sonification
treatment to lift-off the devices. Then, FTO films were grown as described in Section 3.1.2. Then, BiFeO3

was deposited according to the standard process described in Section 3.1.1.

Figure 4.19: (a) Photograph and opticalmicroscopemicrographs of the transparent embedded FTO IDEs.
The black line in the photograph was drawn below the sample. The black bar refers to 5mm. The red
bar refers to 500µm. The blue bar refers to 100µm. (b) Local transmittance spectra recorded at different
regions of the device.

A detail of the final device deposited on sapphire is illustrated in Figure 4.19 (a). Upon a closer look,
small shades can be observed where the IDE structure was patterned. The orange color is produced
by the BiFeO3 film. To quantify the transparency of the embedded FTO IDEs, local transmittance spec-
tra were recorded at different regions of the device. (Figure 4.19 (b)) The similar spectra between the
BFO/Substrate and the BFO/FTO IDE/Substrate regions highlight that the drop in transmittance is pro-
duced by the BiFeO3 film and not by the embedded FTO IDE. The substitution of BiFeO3 by a more trans-
parent ferroelectric, such as PZT, could dramatically enhance the transmittance of the device.

The deposition of BiFeO3 on the IDEs leads to the formation of small bumps on the fingers and valleys
between the finger. To quantify the roughness of the BiFeO3, the topography of a previously poled film
was studied by AFM. The topography image in Figure 4.20 shows that the fingers create a 20 nm bump.
The deposition of thicker films would result in a reduction of these bumps. In addition, in-plane DART
PFM images of poled films show a brighter contrast between the fingers, which indicates that the field
distribution is confined between the fingers. The opposite phase contrast in each direction of the finger
indicates the polarity of the poling. The embedded FTO IDEs allow for an efficient in-plane poling of the
BiFeO3.
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Figure 4.20: AFM and in-plane DART PFM images of the embedded FTO IDEs after ex-situ electrical
poling. Electrical poling was performed using a two-step poling procedure. In a first step, the P(E) loops
were woken-up using 103 bipolar triangular pulses at 1000 kV cm−1 and 1 kHz. Then, three unipolar
triangular pulses using the same frequency and 1200 kV cm−1 were applied.

Figure 4.21: (a) Ferroelectric hysteresis loops of the embedded FTO IDEs on fused silica recorded at
1 kHz between 30 °C and 250 °C (b) Fatigue behavior up to 106 cycles and a frequency of 100Hz at room
temperature.

The device was exposed to temperatures as high as 600 °Cwithout any detrimental effect on the ferroelec-
tric properties, fatigue, or transparency. Figure 4.21 (a) shows the temperature-dependent ferroelectric
hysteresis loops of the device. Low-leakage P(E) loops are obtained even at low frequencies (100Hz). The
measured remanent polarization assuming the same approximation as for classical IDEs was 40µC cm−2.
The device shows excellent ferroelectric switching up to 140 °C. Even if the device remains operational
at higher temperatures, the higher leakage currents of the ferroelectric film above 200 °C lead to rounded
P(E) loops. Further optimization of the ferroelectric film or the substitution of the ferroelectric is needed
to reduce the high-temperature leakage. Besides, the substitution of the Pt IDEs by the embedded FTO
IDEs also results in a reduction of ferroelectric fatigue. The devices were able to sustain more than 106

switching cycles without breakdown.
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The embedded FTO IDEs are an elegant solution to fabricate a temperature-resistant and transparent
ferroelectric device with excellent ferroelectric properties and increased fatigue behavior. This device can
be used for piezoelectric actuators such as haptic devices.[207] This device will be used in Section 6.3 to
study the electro-optic properties BiFeO3 under switching electric fields.

4.5 Outlook

In this chapter, BiFeO3 films with excellent ferroelectric properties were prepared using low-cost solution
processes. Highly (100)pc-oriented films were obtained using seed layers. Particularly, the PbTiO3 seed
layer leads to a strong texture and outstanding ferroelectric properties. It could be argued that the use
of Pb in the seed layer could be detrimental to lead-free applications. However, the lead content of a
200 nm-thick BiFeO3 film lies below the EU limits for lead-free materials, which are fixed to less than
0.1% for electrical and electronic products.[208] Additionally, functional properties were demonstrated
in photonic annealed BiFeO3, as discussed in Appendix B.

The quasi-epitaxial growth of solution-processed BiFeO3 films on LaAlO3 is demonstrated. Further opti-
mization is needed to obtain films with a quality that is comparable to those obtained by vacuum-based
techniques. Some applications require single-crystal films, for example, waveguides in polycrystalline
films, would be subjected to additional losses due to the scattering of light at the grain boundaries or the
rough surfaces. In that context, the recent developments in silicon epitaxy could boost the integration of
epitaxial solution-processed films on technology-oriented substrates, such as silicon. Strategies such as
domain-matched epitaxy,[209] incorporating buffer layers such as TiN[210, 211] to overcome the large
lattice parameter misfit between silicon and oxide perovskites or the use of SrTiO3-buffered silicon sub-
strates[212] could bridge the gap to use epitaxial solution-processed film for integrated silicon photonics.

The conductivity of BiFeO3filmswas engineeredusingMnx+ andTi4+doping. Ti4+ reduces the conductiv-
ity by decreasing VO concentration, and Mnx+ strongly modifies the dominating conduction mechanism
in the films. The origin of thismodification is only speculative at this point. X-ray absorption spectroscopy
studies,[213] would allow for the determination of the oxidation state of manganese, titanium, and iron.
Additionally, to unveil themajority carrier sign and concentration, temperature-dependentHall measure-
ments,[214] could be performed. Both techniques would help to understand the physical origin of the
reduced leakage current in the doped films. However, the excellent ferroelectric properties obtained in
the BFMTO films highlight that co-doping is a key strategy for ferroelectric switching applications.

The fabrication of embedded FTO-based IDE circumvents the limitations of standard IDEs. Fully trans-
parent devices operating in awide temperature rangewere prepared. Additionally, the use of oxide-based
electrodes leads to excellent fatigue properties, with no electrical degradation up to 106 cycles.
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These results provide a system to study the bulk photovoltaic and electro-optic effects in polycrystalline
BiFeO3 film and are the starting point of the physical investigations performed in the following chapters.
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Chapter 5

Bulk photovoltaic effect in

polycrystalline BiFeO3 films

5.1 Motivation

The anomalous or bulk photovoltaic (BPV) effect in noncentrosymmetric materials allows for the gener-
ation of electrically switchable photovoltages that are not limited by the bandgap of the material.[2, 7] In
contrast to an interface-driven photovoltaic (PV) effect, where the open-circuit voltage (VOC) is limited
by the quasi-Fermi energy level splitting,[38, 39] values of thousands of volts have been measured in
homogeneous ferroelectric single crystals.[4] In the last decade, BiFeO3 has received a strong focus as a
prototype material to engineer the BPV response due to the high remanent polarization, low bandgap,
and control of the conductivity throughdomain engineering.[10, 126]However, all the fundamental stud-
ies are focused on epitaxial single-crystal films. In low-cost polycrystalline materials, more suitable for
applications, the photovoltaic response is typically dominated by interface effects such as the formation
of Schottky barriers at the metal-ferroelectric interface.

In this chapter, co-planar interdigitated electrodes are used to measure the photovoltaic effect in poly-
crystalline BiFeO3 thin films and demonstrate the observation of BPV charge transport fingerprints in a
poled polycrystalline ferroelectric film. The role of Mnx+ and Ti4+ doping in the BPV effect is discussed.
Additionally, the dependence of the BPV effect on strain is studied.

67
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5.2 Origin of the photovoltaic effect in polycrystalline BiFeO3

As discussed in Section 2.2, the separation between interface-driven PV effect and BPV can be a chal-
lenging task. The formation of Schottky diodes at the metal-ferroelectric interfaces with different barrier
heights, ϕB , leads to an interface-driven light-induced charge transport.[44]

Two electrode geometries are available to measure the photovoltaic effect: metal-insulator-metal (MIM)
capacitors and IDE. As discussed in Section 4.3, in MIM capacitors it is not possible to obtain fully sym-
metric structures: the top electrode and the bottom electrode are processed differently.[191] Therefore, to
avoid interface effects in the charge transport properties of BiFeO3, symmetrical co-planar IDE structures
were proposed to characterize the BPV properties of polycrystalline BiFeO3 films deposited on insulating
substrates.

The devices were fabricated on HfO2-buffered fused silica substrates. 5% Mnx+ and 2% Ti4+ co-doped
BiFeO3 films were chosen as a reference system due to the superior ferroelectric properties, as discussed
in Section 4.3. Additionally, previous reports have demonstrated an increased absorption, driven by
the addition of defect levels in the bandgap, upon doping with Mnx+ and Ti4+.[129, 215] PbTiO3 was
used as a seed layer to obtain high-quality (100)-oriented films.[137] The thickness was kept constant at
(200 ± 10) nm. To characterize the electrical and optoelectronic properties, IDEs were patterned as de-
scribed in Section 3.1.2. The spacing between fingers used to study the light-induced charge transport is
(2.5 ± 0.5) µm unless otherwise specified.

Figure 5.1: (a) Polarization hysteresis loops and switching current density curves and (b) evolution of
the retained polarization with time of the 5% Mnx+ and 2% Ti4+ co-doped BiFeO3 IDE capacitor.

In the pristine films, the polycrystalline microstructure leads to a random in-plane orientation of the fer-
roelectric domain. Therefore, poling is key tomeasuring a BPV current. A two-step poling procedurewas
used. In a first step, the P(E) loops were woken-up using 103 bipolar triangular pulses at 1000 kV cm−1
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and 1 kHz. Then, three unipolar triangular pulses using the same frequency and 1200 kV cm−1 were
applied. As depicted in Figure 5.1 (a), dynamic hysteresis measurement of the films exhibit a Pr of
(60 ± 2)µC cm−2 and a Ec of (270 ± 50) kV cm−1. However, due to the formation of depolarizing fields
between the grains and the internal stresses between ferroelastic domains, back-switching reduces the
remaining polarization in the sample after poling. Retained polarization measurements shown in Fig-
ure 5.1 (b) reveal that the retained polarization in the sample is around (36 ± 2)µC cm−2 and decreases
to (34 ± 2)µC cm−2 after 1000 s. No measurable back-switching is observed after illumination. Dielectric
spectroscopy measurements discussed in Section 4.3 reveal a DC room temperature dark conductivity
of 2 × 10−7 W−1 m−1, comparable to the reported values of high-quality epitaxial films, in the order of
10−8 W−1 m−1 at 25 °C.[126]

Figure 5.2: (a) jSC values of the BiFeO3 device in the dark and under illumination under two opposite
poling directions. The change in the sign of jSC shows the characteristic switchable photovoltaic effect.
(b) j-V curve of the BiFeO3 device in the dark and under illumination with different poling conditions. A
455 nm LED with an intensity of 0.48Wcm−2 was used to illuminate the device.

The optoelectronic characterization was performed as explained in Section 3.2.4. Figure 5.2 (a) shows the
light ON/light OFF jSC curves as a function of timewith positive and negative poling. Under illumination,
a steady photocurrent is produced. The device shows a perfectly symmetrical switchable photocurrent
when the direction of the ferroelectric polarization is reversed. The photocurrent is steady during 1000 s
with a slight decrease of 2%, expected from the slight reduction in the retained polarization over time.

The j-V curves in the dark andunder illumination for both poling conditions are displayed in Figure 5.2 (b).
No change in the dark j-V characteristics is observed under different poling conditions. A dark conductiv-
ity (σd) of 2 × 10−7 W−1 m−1 can be calculated from the slope of the dark j-V curve. This value is similar to
that obtained by dielectric spectroscopy, as described in Section 4.3. Under illumination, perfectly switch-
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able j-V curves are measured. The linear relation suggests the absence of interface-driven PV contribu-
tion. The device show and open-circuit voltage (VOC) i.e., x-intercept, of 1.9V and a jSC i.e., y-intercept,
of (70 ± 2)µAcm−2. The photoconductivity (σph) i.e., slope of the j-V curve, under this light intensity,
has a value of 1.6 × 10−6 W−1 m−1, one order of magnitude larger than σd.

As discussed in Section 2.2, the most distinctive fingerprint of a BPV charge transport mechanism is the
reversal of the direction of the photocurrent with light polarization for a specific crystallographic orien-
tation. This can only be observed in ferroelectric crystals where β331, in which the photocurrent direction
is perpendicular to the ferroelectric polarization and the light polarization, and β131, in which the cur-
rent direction and the light polarization are perpendicular to the ferroelectric polarization, show opposite
sign. In IDE devices, the photocurrent can only be measured in the direction of the ferroelectric polariza-
tion. With this restriction, four conditions must be met to attribute the effect to a BPV charge transport
mechanism: reversal of the direction of jSC with reversal of the ferroelectric polarization; linear depen-
dence of jSC on the light intensity; linear dependence of VOC on the spacing between electrodes; tensorial
nature of jSC with the light polarization.

The first indication of a BPV charge transport mechanism is illustrated in the symmetric switchable jSC
and the lack of rectification behavior in the j-V characteristic. The dependence of the j-V curves on the
light intensity, for light intensities values where σd ≪ σph, is shown in Figure 5.3 (a). jSC and σph increase
linearlywith intensity as indicated in Figure 5.3 (b). In contrast, VOC remains constantwith light intensity.
At lower light intensities, when σph is comparable to σd, both the jSC andVOC depend on the light intensity.
This is expected for a BPV charge transport mechanism.

Figure 5.3 (c) shows the influence of electrode spacing in the j-V characteristics. The lower values of jSC
andVOC originate from the lower poling field compared to Figure 5.2 (b): due to limitations of the voltage
source used in this study, (400V) the devices discussed in Figure 5.3 (c) were poled at 900 kV cm−1,
instead of 1200 kV cm−1. The linear increase of VOC with the electrode spacing agrees with a BPV charge
transport mechanism. While jSC should remain constant with the electrode spacing, a slight increase of
jSC with electrode spacing is observed. This increase can be associated with a possible influence of the
out-of-plane poling at the edges of the IDE fingers due to the curvature of the electric field during poling.

The tensorial nature of jSC with the light polarization is demonstrated in Figure 5.3 (d). In IDE geometry,
two components of the BPV tensor can be calculated: β311, inwhich the light polarization is perpendicular
to the ferroelectric polarization and the current direction, and β333 where the light polarization, the ferro-
electric polarization, and the current direction are aligned. jSC shows a pronounced variation of 5% with
light polarization. However, jSC does not show any directional change upon light polarization. At perpen-
dicular light incidence, only two reasons can account for the changes in the photocurrent: the anisotropy
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Figure 5.3: (a) j-V curves of the BiFeO3 device with increasing light intensities. The arrow indicates in-
creasing intensity. (b) jSC and σph at different light intensities. (c) j-V curves for different electrode spac-
ing. Inset shows the linear dependence of VOC with electrode spacing (d) Light-polarization-dependent
jSC at a light intensity of 0.1Wcm−2. 0° denotes the light electric field direction parallel to the poling di-
rection.

of the absorption coefficient (α) after poling or the anisotropy of the hopping of non-thermalized carri-
ers. The anisotropy of the jSC may also be observed in interface-driven PV systems where absorbers with
highly anisotropic α are used. However, the four conditions for a BPV charge transport are fulfilled (see
Section 2.2.2, showing evidence that the charge transport is dominated by the BPV.

The maximum jSC is measured when the light electric field direction is aligned perpendicular to the di-
rection of the ferroelectric domain structure: β311 > β333. This observation agrees with the reported BPV
tensors in epitaxial Mn-doped BiFeO3 thin film. [128, 196] The obtained tensor values are 30% of the
values typically obtained in epitaxial thin films. Several reasons can account for the lower β311 and β333

values. First, the incomplete poling of the domains in polycrystalline materials can reduce the degree of
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Dark Conductivity (σd) 2 × 10−7 W−1 m−1

Normalized photoconductivity (at 455 nm) 3.3 × 10−8 W−1 W−1 cm

β333 0.53 × 10−5 V−1

β311 0.55 × 10−5 V−1

Table 5.1: Values of dark conductivity, normalized photoconductivity, and BPV tensor values of BiFeO3
deposited on fused silica at 25 °C.

noncentrosymmetry: the retained polarization is about 50% of the maximum remanent polarization for a
(100)pc-oriented BiFeO3 thin film. Also, grain boundaries can act as scattering and recombination centers
for photo-generated non-thermalized carriers.

5.3 Doping and light-induced charge transport properties

In the previous section, 5% Mnx+ and 2% Ti4+ co-doped BiFeO3 films were used as a model to show
evidence of the BPV effect in polycrystalline films. However, as discussed by [128, 196], doping has a key
role in the BPV effect of BiFeO3. To compare the influence of doping on the BPV characteristics, the j-V
characteristics of the BFO, BFTO and BFMO systems were studied.

Figure 5.4: (a) jSC values of the BiFeO3 device with different doping conditions in the dark and under illu-
mination.(b) Current density vs electric field curves under light for BiFeO3 IDE capacitors with different
doping conditions. A 455 nm LED with an intensity of 0.48Wcm−2 was used to illuminate the device.
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Figure 5.4 shows the ON/OFF jSC and j-E curves under light for the films with different doping. The BFO
system shows the highest photoconductivity but does not show a measurable jSC. The high conductivity
may be associated with the light-induced ionization of the VO levels. The lack of jSC may be explained
by the larger bandgap of BiFeO3, which prevents the formation of non-thermalized carriers upon illumi-
nation with 455 nm light. (2.72 eV) Wavelength-dependent studies are required to unveil the lack of jSC
in the un-doped system. The BFTO system shows lower photoconductivity values than BFO. This can be
explained by the reduction of the concentration of VO as discussed in Section 4.3. Additionally, it shows
the highest jSC, but the high photoconductivity reduces the EOC.

The BFMOand the BFMTO systems show lower jSC, but also lower σph resulting in high EOC. As discussed
in Section 4.3, Mnx+ doping plays a key role in the charge transport properties of BiFeO3. Doping with
Mnx+ introduces intra-bandgap states that modify the dominant charge transport mechanism to hole
injection in the valence band or electron hopping between the Mn3+ and Mn2+ levels. The reduction in
the jSC and σph may be explained by considering that theMnx+ levels immediately trap the charges excited
from the VO, reducing the photoconductivity.

Figure 5.5: Light-polarization dependent photocurrent in the (a) BFTO and the (b) BFMTO IDE capac-
itors. The points represent the experimentally measured jSC values, while the lines display a sinusoidal
fit.

Additionally, as previously discussed by Matsuo et al.[196], the addition of Mnx+ has a strong impact
on the sign of the BPV tensors, which supports the strong influence of Mnx+ doping in the microscopic
BPV mechanism of BFO. Light-polarization dependent jSC measurements of the BFTO and BFMTO are
depicted in Figure 5.5. They reveal a stronger anisotropy of the jSC in the BFTO, with changes of up to 50%
in the jSC against the 5% change observed in the BFMTO system. Besides, in BFTO jSC shows a maximum
when light polarization is oriented parallel to the ferroelectric domain structure. (β333 > β311), opposite
to what is observed in the BFMTO system.
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The normalized photoconductivity, saturated photoinduced electric fields, and BPV tensors for the dif-
ferent doping conditions are summarized in Table 5.2.

σph (W−1W−1cm) EPh (kVcm−1) β333 (V−1) β311 (V−1)

BiFeO3 4.8 × 10−7 - - -

BiFe0.98Ti0.02O3 1.2 × 10−7 1.6 1.68 × 10−5 1.06 × 10−5

BiFe0.95Mn0.05O3 5.1 × 10−8 4.1 0.44 × 10−5 0.46 × 10−5

BiFe0.93Mn0.05Ti0.02O3 3.3 × 10−8 6.9 0.53 × 10−5 0.55 × 10−5

Table 5.2: Calculated σph, EPh, β333 and β311 for the BFO, BFTO, BFMO, and BFMTO IDE capacitors.

5.4 Piezo-photovoltaic effect in polycrystalline BiFeO3

To study the influence of stress in the BPV response, films with different thermal stress values (σth) were
fabricated. Thermal stress arises from different coefficients of thermal expansion for substrate (αs) and
film (αf). When the BiFeO3 films crystallize during the annealing step at 600 °C, the film is clamped to the
substrate. During cooling, the atoms are less mobile, and both substrate and film contract at a different
relative value. The resulting film stress σth can be expressed as:[216]

σth =
Yf

1− νf
ϵth =

Yf

1− νf
(αs − αf )(T − Ti) (5.1)

where Yf and νf are the Young’s modulus and Poisson ratio of the film. ϵth is the thermal strain. T and
Ti denote the temperature and the crystallization temperature.

BFMTO films were deposited on three substrates with different TEC: fused silica, c-cut sapphire, and
(100)MgO. The samples were named BFO/FS, BFO/Sap, and BFO/MgO, respectively. Assuming a linear
TEC of 11.3 × 10−6 K−1 for BiFeO3,[217] both the TEC of fused silica at 0.5 × 10−6 K−1 and of c-cut sapphire
at 7 × 10−6 K−1 are lower than the TEC of BiFeO3 and should induce tensile residual stress in the film. On
the other hand, MgO with a larger TEC of 13 × 10−6 K−1 should create compressive stress in the films.

Figure 5.6 (a) shows the XRD patterns of BFO/FS, BFO/Sap, and BFO/MgO. No secondary phases are
observed in any film. All the films show an out-of-plane [100]pc texture induced by the PbTiO3 seed
layer. The calculated Lotgering factors are 0.65, 0.85, and 0.75 for BFO/FS, BFO/Sap, and BFO/MgO,
respectively.
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Figure 5.6: (a) XRD pattern of the BiFeO3 films under different stress values. (b) Detail of the (110) peak
shift under stress. The peaks marked with * refer to substrate peaks and the non-ferroelectric HfO2 that
acts as a barrier layer between BiFeO3 and the substrate.

A detail of the influence of the substrate-induced thermal stress can be observed in Figure 5.6 (b). The
compressive biaxial stress of the films deposited on MgO induces an increase of the out-of-plane lattice
parameter, which results in a shift of the (110)pc towards lower 2θ.

Figure 5.7: AFM topography images of BiFeO3 films deposited on (a) fused silica (b) sapphire (c) mag-
nesium oxide.

AFM topography images are illustrated in Figure 5.7. The films show polycrystalline morphology with
a grain diameter of (46 ± 15) nm, (46 ± 16) nm and (55 ± 16) nm for BFO/FS, BFO/Sap and BFO/MgO,
respectively. Similar roughness was observed in all the films: (6 ± 1) nm for BFO/FS, (8 ± 2) nm for
BFO/Sap and (9 ± 3) nm for BFO/MgO.

Sin2Ψ measurements were performed to quantify the residual thermal strain in the films deposited on
different substrates. The measurements were performed as described in Section 3.1.3. Figure 5.8 (a) - (c)
shows the XRD patterns of the (110)pc peak recorded under different tilt angles, a shift towards lower 2θ
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Figure 5.8: (a) XRD pattern of the (110)pc peak at different tilt angles for BFO/FS (b) BFO/Sap (c)
BFO/MgO. The increase of the tilt angle (Ψ) from 15° to 65° is indicated by the arrow. (d) d(110) vs
sin2 Ψ.

indicates higher d(110) of the planes that are parallel to the normal of the film, indicating residual tensile
stress in the film. The opposite indicates compressive stress. The linear relation between d(110) and sin2Ψ

is shown in Figure 5.8 (d): the positive slope in BFO/FS and BFO/Sap indicates tensile stress and the
negative slope in BFO/MgO indicates compressive stress. The in-plane residual strain of the BFO films is
0.38%, 0.1%, and -0.22% for BFO/FS, BFO/Sap, and BFO/MgO, respectively, using a Poisson ratio value
of ν = 0.3.[218] The in-plane tensile stress was calculated based on Young’s modulus of 170 GPa for
BiFeO3.[219] The in-plane tensile stress is 0.93GPa, 0.25GPa, and −0.54GPa for BFO/FS, BFO/Sap, and
BFO/MgO, respectively. The measured values of strain in the film agree with the expectations based on
the thermal expansion coefficients.

Figure 5.9 (a) show the P(E) loops of BiFeO3 films under different strain values. The films show
a remanent polarization (Pr) of (60 ± 2)µC cm−2 for BFO/FS, (56 ± 2)µC cm−2 for BFO/Sap and
(53 ± 2)µC cm−2 for BFO/MgOand an average coercive field Ec of (250 ± 50) kV cm−1. A slight reduction
of Pr is observed when stress changes from tensile to compressive. The domain structure of a strongly
(100)pc-oriented film with a rhombohedral symmetry should show little domain preference with stress,
as all eight possible domain variants are energetically equivalent under the present strain values.[220]
The higher remanent polarization under higher tensile stress can be explained through local changes in
the reduced rhombohedral unit cell. Under higher tensile stress the unit cell is distorted towards a higher
a/c lattice parameter ratio. Extrapolating the linear relation in Figure 5.8 (d), the a/c lattice parameter
ratio is 1.007, 1.002, and 0.996 for BFO/FS, BFO/Sap, and BFO/MgO, respectively. The in-plane projection
of the polarization vector is increased with tensile stress, increasing the measured remanent polarization.
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Figure 5.9: (a) P(E) loops of BiFeO3 IDE capacitors deposited on different substrates that induce different
stress conditions to the film. (b) ON/OFF jSC values and (c) j-V curves of BiFeO3 thin films deposited
on different substrates. The structures were illuminated with a 455 nm nm LED with an intensity of
0.48Wcm−2. (d) Influence of stress and light polarization on the jSC. In the three cases, jSC has a maxi-
mum for an angle of 90°/270° with respect to the ferroelectric polarization, representing the BPV tensor
component β311, and a minimum for an angle of 0°/180°, representing the BPV tensor component β333.

Figure 5.9 (b) shows the jSC as a function of time for BiFeO3 films under different residual stress values for
one poling direction. The jSC values are (70 ± 2)µAcm−2 for BFO/FS, (42 ± 2)µAcm−2 for BFO/Sap and
(27 ± 1)µAcm−2 for BFO/MgO. jSC increases by 150% from compressive to tensile stress. Figure 5.9 (c)
shows the j-V curves of the devices under illumination for the two different poling conditions. Similar
normalized photoconductivity values are measured in all the films. The symmetric switchable effect,
expected from a BPV character, also indicates that the photocurrent is not influenced by extrinsic effects
that do not depend on the direction of ferroelectric polarization, such as potential flexo-photovoltaic effect,
arising from possible strain gradients through the film thickness.
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Thedependence of the jSC on the light electric field direction for all the samples are shown in Figure 5.9 (d).
A sinusoidal variation of jSC with the angle between light polarization and ferroelectric polarization di-
rection is observed in all the samples. This is expected for BPV behavior. The relative variation, i.e., the
difference between the photovoltaic coefficients β311 and β333 is about 8% in BFO/FS and BFO/Sap, but
only 4% in BFO/MgO. The normalized photoconductivity, saturated photoinduced electric fields, and
BPV tensors for the different doping conditions are summarized in Table 5.3.

ϵth σPh (W−1 W−1 cm) EPh (kV cm−1) β333 (V−1) β311 (V−1)

BFO/FS 0.38% 3.3 × 10−8 6.9 0.53 × 10−5 0.55 × 10−5

BFO/Sap 0.1% 3.2 × 10−8 4.2 0.32 × 10−5 0.33 × 10−5

BFO/MgO -0.22% 2.8 × 10−8 3.5 0.21 × 10−5 0.22 × 10−5

Table 5.3: Calculated σph, EPh, β333 and β311 for the BFMTO films under different strain values.

The increase in the photocurrent can be explained by taking into account extrinsic effects, e.g., changes in
themicrostructure or domain structure, or intrinsic effects, i.e., modifications in the local crystallographic
structure. All the films show similar microstructure, with similar texture and grain sizes that cannot
account for the changes in the photocurrent. The main difference between the films lies in the different
residual stress conditions. It may be argued that the interplay between the piezoelectric effect and stress
may generate internal electric fields thatmay influence the light-induced charge transport. However, with
a dark resistivity of 5 × 106 Wm, and a permittivity of ϵ = 200, any such field will be screened by mobile
charges with an exponential decay time of τ = ρ ∗ ϵ ∗ ϵ0 = 10−2s, i.e., shorter than the time resolution of
the measurement.

Another extrinsic effect to consider is a stress-induced modification of the domain structure. Figure 5.10
shows the out-of-plane DART piezo-response force microscopy (PFM) images of unpoled BiFeO3 under
different stress values.

To evaluate changes in domain structure, the domain wall-to-grain boundary ratio was evaluated using
the line profile analysis of the topography images (accounting for grain boundaries) and the amplitude
images (accounting for grain boundaries and domain walls). In the amplitude images, grain boundaries
and domain walls are defined by a minimum in the amplitude, while in the topography image, the grain
boundary is defined as a minimum in the topography signal. The ratio of domain wall length on grain
boundary length is 1.4, 1.6, and 1.5 for BFO/FS, BFO/Sap, and BFO/MgO, respectively. Values higher
than one indicate that some grains show domain walls. The films show similar domain wall densities,
indicating that stress does not strongly modify the domain structure.
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Figure 5.10: Out-of-plane DART PFM amplitude (left column), phase (middle column) and topography
(right column) images of the unpoled BiFeO3 films on (a)-(c) fused silica, (d)-(f) sapphire, (g)-(i) mag-
nesium oxide.

Modifications in the domain structure of BiFeO3 should have a strong influence on the photoconductivity
of the films, due to the large difference between the bulk and domain wall conductivity.[124, 221] In the
present case, the photoconductivity does not show a strong dependence on the strain, with modifications
of only 15% that do not account for a strong modification of the domain structure. Besides, contrary
to the current observations, strongly different domain structures should have a clear influence on the
P(E) loops. This agrees with the expectation that the P(E) loops of a ferroelectric with rhombohedral
symmetry should show little domain preference with stress when the electric field is applied along the
(100)pc, as all eight possible domain variants are energetically equivalent.

Since the possible extrinsic contributions to the BPV effect have been ruled out, the increased jSC un-
der tensile stress is likely a result of an intrinsic piezo-photovoltaic effect. The local crystallographic
structure is distorted by stress. Under high tensile stress, the noncentrosymmetric character of BiFeO3 is
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enhanced. The exact microscopic origin of the piezo-photovoltaic effect in BiFeO3 would require more
in-depth studies, e.g., the time-dependence of the current under pulsed illumination or of the electronic
states by Electron Paramagnetic Resonance, that are beyond the scope of this Ph.D. thesis. However,
based on literature results, two mechanisms appear as plausible explanations of the enhancement: the
modification of non-thermalized hopping of photo-excited charge carriers or the strain modification of
the shift current.

The first proposedmechanism is in linewith the results on the piezo-photovoltaic effect in Fe:LiNbO3.[25]
In Fe:LiNbO3 a change in the interatomic distances under stress lead to changes in the photo-excitation
and propagation of non-thermalized charge carriers, modifying the BPV response. In contrast to
Fe:LiNbO3, where an increase of the jSC was observed under uniaxial compressive stress, jSC increases
under biaxial tensile stress in Mnx+ and Ti4+ co-doped BiFeO3. In Fe:LiNbO3 the origin of the BPV effect
relies on the non-thermalized hopping of electrons between polaronic Nb4+ sites after excitation from A-
site Fe2+ defects.[222] In that direction, the reduction of the hopping distances enhances the BPV effect.
In Mnx+ and Ti4+ co-doped BiFeO3 a similar mechanismmay occur. The BPV effect may be dominated by
the hopping between the Mn2+ andMn3+ states to the Fe3+ ions.[129] The excitation probability from the
Mn2+ andMn3+ states to the Fe3+ surrounding ions will depend on the interatomic distances. In that case,
the enhancement in the photocurrent can be reasonably ascribed to the increase in the non-thermalized
hopping.

The second possible mechanism is associated with the shift current mechanism. Rappe et al. proposed
that the main component of the BPV effect in BiFeO3 and other ferroelectric perovskites is the shift cur-
rent.[60, 61] Theoretical calculations have demonstrated that strain canmodify themagnitude of the shift
current in transition-metal dichalcogenide MoS2.[70] However, no theoretical calculations on the influ-
ence of strain on the shift current component of the BPV effect can be found for BiFeO3.

5.5 Outlook

In summary, this chapter proves that the BPV effect is the main mechanism for light-induced charge car-
rier separation in polycrystalline BiFeO3. Additionally, it illustrates the strategy to be followed to identify
the dominating light-induced charge transport: the study of the dependence of the j-V curves with the
poling state, light intensity, light polarization, and distance between electrodes is key to identifying a BPV
effect.
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Doping plays a key role in the BPV effect, not only increasing absorption,[129] but also controlling key
parameters such as photoconductivity. Crystals with low conductivity typically result in a large photoin-
duced electric field at the expense of a slower response under illumination. Doping with donor dopants
such as Ti4+ to control the oxygen vacancy concentration allows for the reduction of the photoconductivity.
On the other hand, Mnx+ doping traps the charges excited from the VO, reducing the photoconductivity.

The existence of a piezo-photovoltaic effect in BiFeO3 is demonstrated: the photocurrent is enhanced by
150% from the films under compressive stress to the films under tensile stress. In polycrystalline films
on rigid substrates, strains larger than 0.5% cannot be achieved due to the cracking of the material un-
der large strain values. An interesting strategy to tune the BPV effect is the direct epitaxial growth on
a single crystalline substrate, where strains in the order of 3% can be achieved.[223, 224] One step fur-
ther would be fabrication of free-standing films.[225, 226] The transfer of epitaxial thin films to poly-
meric substrates produces flexible membranes withstanding unprecedented large strains (up to 10% in
BaTiO3).[227] These large strain values have a great potential to engineer the BPV effect in BiFeO3.

Applications of the BPV, such as photostriction or photorefraction, require the formation of large photoin-
duced electric fields. The performance of materials exhibiting the BPV effect is usually reported through
the BPV tensor. However, a better figure of merit should include the values of photoconductivity, the key
to obtaining large photoinduced electric fields. Unfortunately, most literature reports on the BPV effect
of BiFeO3 focus on anomalously large photovoltages without discussing the distance with the electrodes,
which is key to comparing the photoinduced electric fields.

In conclusion, low-cost polycrystalline materials have a strong potential for the development of photoin-
duced functionalities. The reduction in the BPV tensor to 35% the values reported in BiFeO3 epitaxial
films[196] is compensated by the lower cost of solution-processed films.
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Chapter 6

Electro-optic effect of polycrystalline

BiFeO3 films

6.1 Motivation

With their linear electro-optic (EO) effect, i.e., a linear change of refractive index as a function on an ap-
plied electric field, ferroelectric thin films are crucial for the fabrication of opticalmodulators in integrated
photonic circuits.[94, 95]

BiFeO3 has recently been studied as a multiferroic optical material,[134] in which the optical properties
can be tuned by the application of an electric field, i.e., EO effect, the application of a magnetic field,
i.e., magneto-optic effect, or light, i.e., photorefraction, opening new exciting possibilities to control its
optical properties. BiFeO3 is also a very interesting material for high-temperature applications: not only
its TC is much higher than for BaTiO3 or PbZrxTi1–xO3, but in addition, mode softening is much weaker in
general due to the more complex nature of the ferroelectric transition in BiFeO3, which result in the lower
temperature dependence of the functional properties.[131, 132]

Additionally, the massive birefringence of BiFeO3 of 0.15-0.31,[133, 174] allows for refractive index tun-
ing by reorientation of the optical axis through ferroelectric domain switching, i.e., extrinsic EO effect.
However, values of EO coefficients of BiFeO3 can only be found for epitaxial thin films, reporting effective
EO coefficients (reff) around (15 ± 5) pmV−1.[134, 135] There are yet no reports on the EO coefficients of
low-cost polycrystalline BiFeO3, more adequate for applications, due to their compatibility with silicon
technologies and roll-to-roll solution-processing.
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In this chapter, the EO properties of polycrystalline BiFeO3 thin films with IDEs are measured using an
in-house built Teng-Man (TM) set-up in transmission geometry. BiFeO3 films under different substrate-
induced residual thermal stress are measured. To explore the extrinsic contributions to the EO effect,
transparent embedded IDEs are used.

6.2 Pockels effect in BiFeO3 films and strain dependence

To measure the EO properties of ferroelectric films, a TM set-up in transmission geometry was built. A
detailed description of the measurement set-up can be found in Section 3.3.2, with the details that are
needed for the measurement of the EO coefficient reff (reff = r33 − r31(n

3
o/n

3
e)).

To study the Pockels effect, Mnx+ and Ti4+ co-doped BiFeO3 films with a thickness of 340 nm were fab-
ricated on three different substrates: fused silica, c-cut sapphire (both Siegert Wafer, Germany), and
MgO (Biotain Crystal, PR China). The deposition of the films in different substrates results in different
thermally-induced stress conditions. The deposition procedure is described in Section 3.1.1. The discus-
sion on the residual thermal induced substrate stress is shown in Section 5.4.

Figure 6.1: Prism couplingmeasured intensity vs external angle showing twowaveguidemodes in BiFeO3
films deposited on different substrates. The two modes allow for the determination of the thickness and
refractive index of the films.

The determination of reff requires a precise measurement of the thickness and the refractive index. There-
fore, the refractive index and the thickness of the films were measured using the prism coupling tech-
nique. The operation principle is explained in Section 3.3.1. Figure 6.1 show the two waveguide modes,
identified as a drop in the reflected light intensity as a function of the light incidence angle. The shift of
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the peaks under different stress values indicates a shift in the refractive index of the film. The observation
of twomodes allows the determination of the thickness and refractive index of the film, solving the mode
equation discussed in Section 3.3.1.

Refractive index Thickness

BFO/FS (2.74 ± 0.01) (339 ± 2) nm

BFO/Sap (2.81 ± 0.01) (340 ± 2) nm

BFO/MgO (2.79 ± 0.01) (342 ± 2) nm

Table 6.1: Values of thickness and refractive index of the samples deposited on different substrates.

The refractive index and thickness are summarized in Table 6.1. The refractive index values are similar
to previous reports.[134, 228] A change of 2% in the refractive index is observed under different stress
conditions. In agreement with [174], the refractive index of BiFeO3 decreases both under compressive
and tensile stress. In polycrystalline films, the refractive index is isotropic prior to poling i.e., the optical
axes of the individual grains are randomly distributed, and the measured refractive index is an average
between no and ne. To discern between the two indices, the measurement would have to be performed
on a poled sample. However, the prism coupling technique requires a high-quality contact between the
prism and the surface of the film, that is not compatible with the coplanar electrodes.

Tomeasure the reff of the BiFeO3 films, co-planar IDEswere patterned on top of the films. The IDEs consist
of 50 pairs of fingers with an effective length of 1.5mm. The width of the fingers is (10.0 ± 0.5) µm and
the space between the fingers is (5.0 ± 0.5) µm. The devices were fabricated as described in Section 3.1.2.
Several devices from different sample batches were measured to ensure the repeatability of the obtained
values. Prior to the measurement, the devices were poled. The initial poling procedure consisted of the
application of a single bipolar triangular field pulsewith an amplitude of 1000 kV cm−1 and a frequency of
1 kHz, while simultaneously recording a ferroelectric P(E) hysteresis loop of polarization as a function of
the electric field. This ensures the proper electrical connection of the device. In a second step, additional
poling was performed by applying a train of unipolar sinusoidal electric field pulses with an amplitude
of either 800 kV cm−1 or 900 kV cm−1 and a frequency of 1 kHz during 10 s, for a total of 10,000 poling
pulses.

In the Teng-Man set-up, upon alignment of the laser between the co-planar electrodes, the voltage at the
photodiode, VPD, was measured as a function of the phase controller phase shift. Then, a unipolar sinu-
soidal electrical signal with a frequency of 1 kHz of a given amplitude was applied and the demodulation
voltage amplitude, VLI, and phase from the lock-in amplifier was recorded as a function of the phase con-
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Figure 6.2: VLI and VPD curves for a BFO/Sap sample poled at 900 kV cm−1and a driving field of
100 kV cm−1 for the measurement of the Pockels coefficient.

troller phase shift. An example of VPD and VLI as a function of the phase controller phase shift is depicted
in Figure 6.2. Under these conditions V0PD has a value of 450mV. This corresponds to a 2π phase shift
of the 45° polarized incoming light. On the other hand, V0LI has a value of 90 µV. Using these values, reff
can be calculated using the equation described in Section 3.3.2:

reff = r33 − r13
n3
o

n3
e

=
λV 0

LI

πn3
eLBFOAV 0

PD

. (6.1)

As shown in Equation 6.1, an optimal electric field penetration into the film is key for the measurement
of EO coefficients in transmission geometry. Insufficient penetration of the electric field in the filmwould
lead to an underestimation of the reff. The role of the electric field distribution in the EO coefficients is
discussed in Appendix C.

To ensure complete penetration of the electric field in the film, the in-plane component of the electric
field distribution was numerically simulated by the Finite Element Method with the COMSOL software
package, with a voltage of 50V applied between the co-planar electrodes. The simulation is illustrated
in Figure 6.3. In the current configuration, where the distance between the electrodes is an order of
magnitude larger than the thickness of the film, the electric field in the film is homogeneous. The field
also extends a few micrometers into the substrate, but as none of the substrates used have linear EO
properties, no extra contribution to the measured EO coefficient is expected.
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Figure 6.3: Modelling of the electric field penetration into a BiFeO3 thin film.

Figure 6.4: (a) Calculated EO coefficients for a BiFeO3 film deposited on fused silica with different poling
treatment and a driving field of 100 kV cm−1. (b) Calculated EO coefficients for a BiFeO3 film deposited
on fused silica with different, below Ec, driving fields after poling at 900 kV cm−1.

The linear EOproperties of polycrystalline BiFeO3 are summarized in Figure 6.4 on the example of BFO/FS.
Figure 6.4 (a) shows the reff values obtained for BiFeO3 films deposited on fused silica with different pol-
ing treatments and a driving field of 100 kV cm−1. The unpoled samples do not present a measurable VLI

signal, while after poling with a single ferroelectric hysteresis loop with an amplitude of 1000 kV cm−1,
values of 0.55 pmV−1 are obtained. This value increases to 1.3 pmV−1 after poling with 10,000 pulses
of 800 kV cm−1 as described above; obviously, the single hysteresis loop is insufficient to achieve poling.
When poling with 10,000 pulses of 900 kV cm−1, this value increases only slightly to 1.45 pmV−1, indicat-
ing that a near-saturation level of poling is reached with this procedure, in agreement with earlier poling
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studies.[229] Figure 6.4 (b) shows the EO coefficients as a function of the driving electric field. As ex-
pected, at driving voltages below the coercive field (Ec = 300 kV cm−1), reff does not vary with the applied
electric.

It has to be noted that these values are only about 10%-15% of the values reported for single crystals.[134]
This can be expected due to the polycrystalline nature of the samples: epitaxial thin films typically show
better EO properties than polycrystalline ones. The individual grains cannot be fully poled due to the for-
mation of depolarizing fields and internal stress between grains. Additionally, the lack of in-plane texture
induces a misalignment between the grains. This is translated into the reduction of the EO response. The
same behavior with different poling treatments and at different driving fields is observed in the samples
under different stress values.

Figure 6.5: Measured EO coefficients for BiFeO3 films on different substrates after poling at 900 kV cm−1.
The stress-free EO coefficient is extrapolated from the two samples under tensile stress assuming a linear
stress dependence. Blue: BFO/MgO, Green: BFO/Sap, Red: BFO/FS.

The influence of residual thermal-induced substrate stress is shown in Figure 6.5 after poling with 10,000
pulses of 900 kV cm−1, which reaches the saturation region. Under low tensile stress, (BFO/Sap) the EO
coefficient has a value of 1.2 pmV−1. Under higher levels of tensile stress (BFO/FS) the EO coefficient
is increased up to 1.45 pmV−1. A stronger enhancement of the EO response is observed in the samples
under compressive stress (BFO/MgO), with values up to 2.2 pmV−1. The experimental results suggest
that both compressive and tensile stress increases the EO coefficients in BiFeO3. Assuming that the EO
coefficients increase linearly with stress, the zero-stress EO coefficient can be estimated to be 1.1 pm/V. It
is understood that a linear extrapolation from two data points is to a high degree speculative, but given
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the relatively low variation of reff between BFO/Sap with a stress of 0.25GPa and BFO/FS with a stress
of 0.93GPa, the approach seems reasonable. If this approach is followed, reff increases with a piezo-EO
coefficient of 0.3 pmV−1 GPa−1 0.3 under tensile stress and 2pmV−1 GPa−1 under compressive stress.

It may appear counterintuitive that reff increases under both tensile and compressive stress. In fact, in ma-
terials such as ZnO, first-principles calculations have predicted an increase in reff under compression and a
decrease under tension.[230] However, this prediction may not hold for polyaxial perovskite-structured
ferroelectrics, as it was specifically made for a uniaxial system with a wurtzite structure. In polyaxial
perovskite-structured ferroelectrics, first-principles studies predict a behavior like the one observed here
for PbTiO3[231] (PTO) and BaTiO3[232]. However, to date, none of these predictions have been exper-
imentally confirmed. In the case of PTO, the increase in reff under tension has been attributed to the
softening of the E(2) phonon mode during the tetragonal/monoclinic phase transition, while the increase
under compression is linked to electro-mechanical coupling based on the enhanced piezo-response in
tetragonal PTO. In the case of BTO, the enhancement is produced due to a strain-induced divergence in
the first and second-order susceptibility. The stress levels in the BiFeO3 films examined in polycrystalline
BiFeO3 are not sufficient to trigger any phase transition,[233, 234] making the mechanism discussed in
[231] unlikely. Besides, under different degrees of stress, the poling state of the different films is very sim-
ilar (see Section 5.4) in agreement with the expectations for a (001)-oriented rhombohedral perovskite.
The most plausible explanation at this point is the enhancement of the EO response due to modifica-
tions in the local phonon mode structure that may lead to a mode softening, directly modifying the EO
coefficients.[232]

6.3 Extrinsic contributions to the electro-optic effect

When an electric field larger than the coercive field is applied to an unpoled polycrystalline ferroelectric
film, the ferroelectric domains inside the individual grains align with the direction of the electric field,
creating anisotropic optical properties that depend on the poling direction. However, when the electric
field is removed, some of these oriented domains will switch back, due to the strain and the depolarizing
field between grains. This will induce a reduction of the degree of anisotropy of the optical properties.

As explained in Section 5.2, the retained polarization is less than 50% of the saturated polarization, which
indicates that some of the domains that are oriented when the field is applied switch back when the
field is turned off. The process of poling and back-switching in polycrystalline materials is illustrated
in Figure 6.6. The changes in the optical properties under an electric field higher than Ec will depend
on the birefringence of the material. In BiFeO3, a high extrinsic response is expected due to the high
birefringence of 0.3 at 633 nm.[133, 134]
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Figure 6.6: (a) Schematic showing randomly oriented domains in a polycrystalline film prior to poling.
The film shows isotropic optical properties (b) Oriented domains upon the application of an electric field
higher than the coercive field. The optical properties of the film are highly anisotropic (c) Poled film
without an electric field. Some domains switch back, reducing the degree of anisotropy of the optical
properties. The grain boundaries are illustrated by a solid line. The domain walls are represented by a
discontinuous line. The arrows indicate the direction of the ferroelectric polarization. ne and no refer to
the extraordinary and ordinary refractive index.

However, the standard IDEs structures used tomeasure the linear EO properties do not survive repetitive
switching. Instead, the transparent embedded IDEs, discussed in Section 4.4 were used due to their
fatigue-free behavior up to 106 cycles and stable ferroelectric switching. The samples were prepared as
explained in Section 3.1.1.

Figure 6.7 shows the values of reff as a function of the driving electric fieldwith fields between 100 kV cm−1

and 900 kV cm−1, below and above Ec values. As shown previously, below Ec the EO coefficient shows
little dependence on the electric field, i.e., the induced phase shift increases linearly with the applied elec-
tric field. On the other hand, under switching conditions (E > Ec), reff increases drastically to 2.5 pmV−1

under electric field values just above the coercive field. This value saturates to 5.2 pmV−1 at electric field
values at which the polarization saturates.
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Figure 6.7: Values of reff measured in BiFeO3 films with embedded F:SnO2 IDEs at below Ec and above Ec
driving fields. The values highlight the intrinsic (Pockels effect) and extrinsic (Switching) contributions
to the EO effect.

The use of extrinsic contributions to the EO effect is limited by the maximum domain back-switching
that is produced when the electric field is turned off. In polycrystalline materials, the maximum degree
of anisotropy of a perfectly poled ceramic is limited by the misorientation of the grain. Indeed, with
the current estimation of birefringence in BiFeO3, of 0.31, one could obtain an effective EO coefficient of
1500 pmV−1 by electrically switching the optical axis of a BiFeO3 single crystal by 90°.

6.4 Outlook

The Pockels effect in polycrystalline BiFeO3 films was measured using a Teng-Man set-up in transmis-
sion geometry. The results show a strong increase of reff with both tensile and compressive stress. The
large piezo-EO coefficient under compressive stress has a stronger potential in epitaxially strained BiFeO3,
where a higher degree of strain can be achieved, e.g., on DyScO3 (-0.8%), SrTiO3 (-1.7%), or LSAT (-
2.4%).[223]. Besides, the current theoretical correlation between the divergence of the dielectric suscep-
tibility close to a phase transition with giant EO responses[231, 232] suggests that an enhancement of the
EO properties appears close to structural phase transitions. Among the strategies to drive BiFeO3 close
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to a structural phase transition, epitaxial strain,[174] La-doping,[235] or negative pressure through He-
implantation[236] have a strong potential to enhance the Pockels effect in BiFeO3 when driving BiFeO3

close to a structural phase transition.

The drastic enhancement of reff at above Ec fields constitutes the first evidence of using the extrinsic contri-
butions to the EO effect in a ferroelectric with high birefringence. In classical single-domain ferroelectrics,
stretching or compression of the optical indicatrix occurs under a field. However, in analogy with liquid
crystals, a more significant change of the optical properties occurs from the additional extrinsic contribu-
tions resulting from the rotation of the individual optical indicatrix of grains, polar regions, or domains.
The high potential of extrinsic contributions to the EO effect can be evidenced in the giant EO effect of
relaxor ferroelectrics.[90] At zero field, the polar nanoregions are randomly oriented, leading to a nearly
isotropic optical indicatrix. Under an electric field, the polar nanoregions align with the electric field,
resulting in a strong change in the optical indicatrix.

The results obtained in this chapter encourage the design of materials in which the transient rotation of
the individual optical indicatrix is used to achieve giant EO coefficients in a highly birefringent material
e.g., BiFeO3. The combination of classical intrinsic and extrinsic effects is key for the fabrication of high-
performance EO modulators for integrated silicon photonics.
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Conclusion and perspectives

This thesis provides new routes towards the fabrication of low-cost solution-processed BiFeO3 films with
excellent ferroelectric properties. The use of a PbTiO3 or a LaNiO3 seed layer is an effective strategy to
fabricate (100)pc-oriented BiFeO3 films using solution-deposition methods. Doping is key to controlling
the film’s charge transport properties. A donor dopant, such as Ti4+, reduces the oxygen vacancy con-
centration. On the other hand, doping with Mnx+ modifies the conduction mechanism, increasing the
conductivity at low fields but reducing the conductivity at switching fields. In addition, oxide-based
embedded IDEs lead to superior ferroelectric fatigue properties compared to the standard IDEs.

Some applications require single-crystal films. For example, the misalignment between grains in poly-
crystalline films reduces the Pockels coefficients compared to single-crystal BiFeO3 films. Additionally,
the relatively high roughness of polycrystalline films would lead to significant optical losses. The re-
sults obtained in the epitaxial growth of BiFeO3 and PbZrO3 encourage the fabrication of epitaxial films
on silicon. This would bridge the gap between low-cost solution-processed and vacuum-processed films.
Among the different strategies that could be followed, incorporating buffer layers such as TiN[210, 211] to
overcome the large lattice parameter misfit between silicon and oxide perovskites is an exciting approach
to pursue since it is compatible with low-cost silicon-based processes.

The BPV effect is proven to be the drivingmechanism of light-induced charge-carrier separation. Photoin-
duced electric fields up to 10 kV cm−1 are obtained in Mnx+ and Ti4+ co-doped films under tensile stress.
Strain and doping are key parameters to engineer the BPV effect. The strain-engineering of the BPV effect
has an even stronger potential in epitaxial free-standing films that can withstand unprecedentedly large
strains.[226, 227]
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Applications of the BPV effect, such as light-induced ferroelectric switching, photostriction, or photore-
fraction, rely on maximizing the photoinduced electric fields. Lower photoconductivity leads to a higher
photoinduced electric field at the expense of slower decay times when the light is turned off. High con-
ductivity leads to low photoinduced electric fields but allows a fast decay of the photoinduced electric
field, being more useful for transient applications. Tuning the conductivity by modifying the deposition
parameters or by doping is key to tuning the current-voltage characteristics.

Regarding the EO properties, strain is an effective way to tune the Pockels effect in BiFeO3 films. Higher
piezo-electro-optic coefficients are obtained under compressive stress. Additionally, this thesis proves
the potential of using extrinsic contributions based on transient ferroelectric domain switching to obtain
larger EO coefficients.

These results provide new pathways to enhance the EO coefficients of BiFeO3 films. First, the use of epi-
taxial films where larger compressive strain values can be achieved. Second, exploring these extrinsic
contributions as a new EO mechanism. Ferroelectric switching leads to a rotation of the refractive index
ellipsoid, modifying the optical properties. These contributions would be maximized in highly birefrin-
gent ferroelectric materials, where the extraordinary refractive index, along the direction of ferroelectric
polarization, is much larger than the ordinary refractive index. For example, considering that BiFeO3 has
a refractive index of 2.7 and a switching field of 200 kV cm−1 values equivalent to reff of 1500 pmV−1, are
estimated. This would arise only from the rotation of the refractive index ellipsoid during ferroelectric
switching and would add up to the linear electro-optic response. This opens the path to fabricate artifi-
cial high birefringent ferroelectrics where a 90° transient ferroelectric switching induces a rotation of the
optical indicatrix, resulting in a giant EO response.

The BPV effect characterization, together with the measurements of EO coefficients of polycrystalline
BiFeO3 can be combined to assess the potential of solution-processed BiFeO3 for transient photorefractive
applications such as reconfigurable waveguides.[237, 238] The change in refractive index under illumi-
nation can be estimated using the following equation:[238]

∆n = −1

2
reffn

3Eph (7.1)

where Eph is the photoinduced electric field. For the films studied in this manuscript, upon illumination
with 455 nm light at an intensity of 0.48Wcm−2, photoinduced electric fields (Eph) of 10 kV cm−1 were
observed on a short time scale. With an EO coefficient of 2 pmV−1, a change of refractive index (∆n)
of 2 × 10−6 can be achieved due to the photoinduced electric field. For comparison, typical values of
photoinduced ∆n in LiNbO3 single crystals have an order of magnitude of 10−5.[239] Additionally, the
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high dark conductivity of BiFeO3 (σDark = 2 × 10−7 W−1 m−1) enables the built-up field to decay rapidly
after the illumination stops. Although this may not be ideal for long-time applications such as optical
data storage, it is highly beneficial for applications relying on transient changes of the refractive index
such as optically reconfigurable waveguides.
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Appendix A

Epitaxial chemical solution-deposited

PbZrO3 films

A.1 Motivation

Antiferroelectrics (AFE) are recognized by three main characteristics: an antiparallel atomic displace-
ments of electric dipoles, a phase transition between two nonpolar phases, and the possibility to induce
a phase transition to a polar phase by an electric field.[240–242] The prototypical AFE perovskite ma-
terial is lead zirconate, PbZrO3, first identified as an antiferroelectric by Shirane in 1951.[241] Around
510K, it undergoes a phase transition from an orthorhombic antiferroelectric phase to a cubic paraelectric
phase.[241] In the antiferroelectric phase, the Pb2+ ions shift along the [100]o direction of the orthorhom-
bic unit cell.[243] The unique property of antiferroelectric materials is their transition from a linear di-
electric response to a ferroelectric response, leading to exciting applications in high energy storage,[244,
245] electrocaloric cooling,[246] and electro-optics.[247, 248]

Practical applications of functional films require the development of high-quality films through scalable
and cost-effective fabrication processes. Pulsed laser deposition[249–251] and metal organic chemical
vapor deposition[252] have successfully produced high-quality epitaxial PbZrO3 films. However, these
methods rely on expensive vacuum technologies and lack scalability. In contrast, chemical solution depo-
sition is a low-cost and scalable alternative formanufacturing functional thin films.[102]While numerous
reports exist on high-quality polycrystalline films prepared through solution deposition methods,[253,
254] some applications require the fabrication of single crystal films. Nevertheless, obtaining high-quality
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single-crystal films by chemical solution deposition is challenging due to the formation of grains, sec-
ondary phases, or defects during the process. Presently, there are no reports on the successful fabrication
of PbZrO3 single crystal thin films through solution deposition.

The presence of a ferroelectric (FE) contribution during antiferroelectric switching in PbZrO3 has been
a subject of debate among the AFE community. Recently, Aramberri et al.[255] have shown that the
ground state of pure PbZrO3 may not be AFE but ferrielectric.(FI) Indeed, the energy difference between
the different phases is so small that defects,[256] strain,[251] or other energy contributions can stabi-
lize one phase towards the other. TEM studies in different samples show how FE, FI, and AFE dipole
arrangements can exist in different samples prepared under different conditions.[90, 257, 258]

In this appendix, a cost-effective solution process for fabricating high-quality epitaxial single crystal
PbZrO3 films on SrTiO3 substrates is discussed. Moreover, the role of defects in the P(E) hysteresis loops
of PbZrO3 films is discussed.

A.2 Experimental details

PbZrO3 precursor solution was synthesized from freeze dried lead(II) acetate (99.99%, Merck) and a zir-
conium(IV) propoxide solution (70% in propanol, Merck). The precursors were dissolved in anhydrous
MOE (99.8%, Merck). Acetylacetone (99.5%, Merck) was used as a chelating agent. The mixture was
refluxed for two hours under an argon atmosphere. The solution was then distilled and diluted with
MOE until it reached a concentration of 0.3M. A Pb-excess of 20% was used to compensate for PbO
sublimation.[259]

PbZrO3 filmswere deposited by spin coating technique. SrTiO3 andNb-doped SrTiO3 substrates (Crystal
GmbH)were cleaned first in acetone, then in isopropanol, and then inwater. Subsequently, the substrates
were annealed at 400 °C for 10minutes before deposition. The precursor solution was spin coated at
3000 rpm for 30 seconds, followed by a drying step at 130 °C for 3minutes and a pyrolysis step at 350 °C
for 3minutes. The filmswere crystallized in a rapid thermal annealing furnace (AS-Master, Annealsys) at
700 °C for 5minutes in air. A thickness of 170 nm is obtained in each annealing cycle. The film thickness
was engineered by repeating those steps. PbZrO3 thin films with a thickness of 170 nm, 340 nm, and
680 nm were prepared. To remove surface pyrochlore, a PbO capping layer[260] was deposited on the
top and crystallized at 700 °C. The remaining PbO crystals were removedwith acetic acid (99.8%,Merck).
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Tomeasure the ferroelectric properties,MIMmetal capacitorswere fabricated as described in Section 3.1.2.
The measurement was performed contacting two top electrodes to minimize the presence of imprint
fields.[261] This configuration is equivalent to measuring two capacitors in series with a common elec-
trode. The P(E) loops were measured at a frequency of 100Hz.

A.3 Results and discussion

Figure A.1: (a) θ − 2θ patterns of the PbZrO3 films with different thicknesses. (b) Detailed view around
(240)o and (004)o PbZrO3 peaks (vertical lines denote their position according to PDF file No. 01-089-
1296). All non-marked peaks correspond to the substrate. (c) Φ-scans of the 170 nm-thick film.

The XRD patterns in Figure A.1 (a) reveal a perfect (001)pc orientation of PbZrO3 films and absence of
pyrochlore peaks at all thickness. The (002)pc peak of the film is split into two (Figure A.1 (b)), indicating
two out-of-plane crystal domains, i.e., (120)o and (002)o. Their position matches well the theoretical
positions of the orthorhombic Pbma phase. The peaks do not shift with increasing thickness, indicating
that there is no significant stress relaxation. Figure A.1 (c) displays the expected four-fold symmetry
observed in ϕ-scans. Peaks of the (110)o domain are at the same position as those of the (101)c and
(011)c of the SrTiO3 substrate, while peaks of the (042)o domain are shifted by 45°. These results give the
following epitaxial relations: (120)o PbZrO3∥(001) SrTiO3 and [2-10] PbZrO3∥[100] SrTiO3 for the (120)o
domain; (002)o PbZrO3∥(001) SrTiO3 and [100] PbZrO3∥[110] SrTiO3.

Detailedmicrostructure of the 170 nm-thick filmwas analyzed using TEM. High-angle annular dark field
(HAADF) and bright-field (BF) scanning TEMmicrographs (Figure A.2 (a)–(b)) reveal dense film with
some pores present at the interface between the film and the substrate (see circles in Figure A.2 (b)). The
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FigureA.2: (a)High-angle annular dark field (HAADF) and (b) bright-field (BF) scanning TEM (STEM)
micrographs. (c) Selected area diffraction pattern (SAED) of a wide cross-section of the film. (d) High-
resolution (HR HAADF) micrograph of the film/substrate interface. (e) Inverse fast Fourier transform
(i-FFT) image and (f) 4D STEM images of the same interface. In b) white circles show pores. In e) red
circles show dislocations.

shaded areas in Figure A.2 (a) indicate the formation of different structural domains. PbZrO3 grows in
a cubic phase during the crystallization step. During cooling, different structural domain variants are
formed, in agreement with Figure A.1 (b).

Figure A.2 (c) shows the selected area diffraction (SAED) of the area depicted in Figure A.2 (a). It in-
dicates that the PbZrO3 is a single crystal, oriented towards the [100]pc direction, which corresponds
to the [120]o and [002]o orientations. A closer look at the interface quality is shown in Figure A.2 (d).
The HAADF TEM micrograph shows the epitaxial growth of PbZrO3 on SrTiO3 with a flat interface.
The Inverse fast Fourier transform image in of the same image is shown in Figure A.2 (e). It displays
the formation of misfit dislocations at the PbZrO3/SrTiO3 interface. The strain mapping of the interface
PbZrO3/SrTiO3 (Figure A.2 (f)) indicates that epitaxial strain is relaxed in the first 5 nm, which agrees
with the lack of epitaxial strain in the XRD patterns.
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Figure A.3: P(E) loops and j(E) loops of epitaxial PbZrO3 films measured at different electric field am-
plitudes. The measurements were performed in films with thicknesses of 170 nm, 340 nm and 680 nm.

Figure A.3 shows ferroelectric hysteresis loops under different electric fields for filmswith different thick-
nesses. Complex switching curves showing both FE and AFE contributions are observed in all the ca-
pacitors. In the 170 nm-thick films, no AFE-like switching is observed at low field or high fields. The
switching curves correspond to pinched ferroelectric loops. An AFE-like switching can be observed in
the 340 nm-thick and 680 nm-thick films when the films are cycled at low fields. The double hysteresis
loops are more pronounced for thicker PbZrO3 films. When the cycling field is increased, both EAFE→FE

and EFE→AFE shift to lower electric fields.

The switching peaks at 50 kV cm−1 suggest the presence of a FE-like switching contribution. Similar con-
tributions have been reported in other PbZrO3 films: see [254]. The FE-like contribution at 50 kV cm−1

increases when the films are cycled at high fields. As a result, the shape of the loops switches from
AFE-like to a pinched FE-like. EAFE→FE decreases with increasing film thickness. Additionally, the AFE-
switching peaks split at high fields. The films can withstand electric fields up to 2MVcm−2 without
electrical breakdown.

To understand the origin of the FE-like contributions in the P(E) loops, a high-resolution TEM study of
the 170 nm-thick films was performed. The differential phase contrast (DPC) image of the HAADF TEM
micrograph of Figure A.4 (a) is shown in Figure A.4 (b). Areas with different contrast are observed,
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Figure A.4: (a) HAADF TEM micrographs of a PbZrO3 film with a thickness of 170 nm (b) Differential
phase contrast (DPC) image of PbZrO3 shows areas with different contrast, due to different polarization
orientations. (c) – (d) Atomic resolution HAADF images showing Pb (brighter) and Zr atomic columns.
(e) – (f) Polar plots showing orientation and magnitude (in pixels) of Pb and Zr displacements in one
unit cell.

indicating the presence of different polarization orientations. Figures A.4 (c) – (d) show the atomic
resolution HAADF images that were performed in the blue and red regions of Figure A.4 (a) showing
the columns of Pb and Zr atoms. Pb is displaced in the [110] direction. According to Figures A.4 (e) – (f),
the polar plots indicate the presence of a net polarization pointing downwards. The TEM results match
the electrical macroscopic characterization of the films, indicating the presence of a FE-like behavior.

The observation of ferroelectric-like loops in prototypical antiferroelectric PbZrO3 films has been ascribed
to the presence of strain[251] or defects,[256, 262] such as oxygen vacancies or lead vacancies. The pres-
ence of strain as a source to stabilize the FE phase can be ruled out since epitaxial strain is relaxed even
in the thinner films. Consequently, the FE-like hysteresis loops are more likely to arise due to the pres-
ence of defect complexes that pin the antiferroelectric-to-ferroelectric phase boundaries and thus alter the
polarization switching behavior.[262] In solution-processed films, the control of stoichiometry remains
a challenge. Chemical gradients within the film are commonly observed,[136] which can result in the
formation of defects.
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Figure A.5: (a)EDXS line profile mapping of the 170 nm-thick PbZrO3 (b) P(E) loops recorded after
bipolar electrical cycling using a triangular signal with an amplitude of 750 kVcm−1 in the 680 nm-thick
PbZrO3 films.

The presence of a Pb-deficient composition at the surface is confirmed in the EDXS profile mapping in
Figure A.5 (a). This points towards the presence of a small surface secondary phase. This may correlate
with the 10 nm-thick nano-grained layer present at the top surface in Figure A.2 (b). Additionally, a gra-
dient of the Pb/Zr ratio (more Pb at the film/substrate interface) is observed. Both are typical features
of solution-deposited Pb-based perovskites. The crystallization of amorphous PbZrO3 film happens at
high temperatures (700 °C). At these high temperatures, there is a competition between PbO sublimation,
heterogeneous nucleation of the perovskite on the SrTiO3 surface, and crystal growth. Consequently, the
lead content available for the formation of the perovskite is not constant during crystal growth, result-
ing in chemical gradients and the accumulation of defects at the interfaces. For example, the formation
of Pb-vacancies close to the interface of the film can be accommodated either by the generation of the
corresponding vacancies in anion sites (VO) or by altering the valence state of cations.

The defects can be removed upon the crystallization of a second layer on the top. In thinner films,
the defect-rich interfaces play a more important role, resulting the in observation of FE-like loops. On
the other hand, at larger thicknesses, only a small FE-like contribution can be observed in the AFE-like
switching. The application of high electric fields (2MVcm−1) as shown in Figure A.3, leads to the electro-
migration of defects over the whole thickness, that can pin the FE phase.

The same is observed during the repetitive cycling of the 680 nm-thick films as shown in Figure A.5 (b).
The first hysteresis curves show a typical AFE-like behavior, with the characteristic double hysteresis
loop. However, a non-zero remanent polarization is observed, indicating the presence of ferroelectric
(FE) contribution to the hysteresis. Upon cycling, the AFE-like loops shift towards a FE-like loop.
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These results suggest that the FE contribution observed in the solution-processed polycrystalline PbZrO3

films of previous report[207, 254] may also be due to the formation of out-of-plane Pb and Zr gradients
within the films, that creates defect complexes that pin the antiferroelectric-to-ferroelectric phase bound-
aries. The formation of defects closer to the interfaces could lead to the pinning of the FE phase in certain
regions. In the interdigitated electrode (IDE, in-plane) configuration shown in [248, 254], the electro-
migration of defects, i.e. oxygen vacancies, within the whole thickness is not possible, (the electric field
is applied perpendicular to the chemical gradient) and the FE contribution to the AFE loop remains un-
changed upon cycling. Consequently, the stabilization of the AFE phase in epitaxial solution-processed
thin films could be achieved by modifying the annealing conditions, e.g., annealing in a Pb-rich atmo-
sphere, or by tuning the Pb excess in the solution.

In summary, a method to prepare epitaxial single crystal PbZrO3 films by solution-deposition methods is
shown. Epitaxial strain is relaxed due to the formation of dislocations in the first 5 nm of the films. A FE-
like switching behavior is observed in the thinner films while an AFE-like switching behavior is observed
in thicker films. Besides, the application of high electric fields or electrical cycling of the films leads to a
FE-like switching behavior in all the films. The presence of FE-like loops is associatedwith the presence of
defects such as oxygen vacancies, that redistribute upon the application of high electric fields or electrical
cycling. The stabilization of the AFE phase requires an accurate control of the defect chemistry, through
the modification of the annealing conditions or by tuning the Pb excess in the solution.
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Fast-processing of BiFeO3 films using

flash lamp annealing

B.1 Motivation

In solution-processed films, the amorphous deposited film is transformed into a crystalline film via high-
temperature annealing. Traditionally, crystallization takes place in tubular or rapid thermal annealing
furnaces, where the annealing process occurs at temperatures above 500 °C for tens of minutes or more.

Figure B.1: Schematic representation of annealing processes. Heat distribution in a film, its substrate,
and processing time in the case of (a) conventional box furnace annealing and (b) flash lamp annealing.
Adapted from [263].
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Flash lamp annealing (FLA) offers a solution to overcome the challenges of long crystallization times and
high processing temperatures. In this technique, annealing through the absorption of sub-millisecond
light pulses with a broad spectrum and strong intensity enables selective annealing of the films on
temperature-sensitive substrates.[264] A schematic of the technique in comparison with a conventional
rapid thermal annealing furnace is shown in Figure B.1.

FLA can be conducted in a regular atmospheric environment within a few seconds, and it allows for the
treatment of large areas, reaching several hundreds of cm2. These attributes make it suitable for efficient,
cost-effective, and high-volume roll-to-roll production.[264] While FLA has been effectively employed in
processing various functional materials,[265–267] there are only a few reports regarding its application
in crystallizing perovskite oxide thin films. Yao et al. achieved nano-crystallization of piezoelectric lead
zirconate titanate on glass and polyimide substrates using FLA. However, they did not demonstrate the
macroscopic electromechanical properties essential for sensor and actuator applications.[268]

In this appendix, a cost-effective solution process for fabricating polycrystalline BiFeO3 films using FLA
is discussed.

B.2 Experimental details

BiFeO3 films were deposited on fused silica with a crystallized PbTiO3 seed layer fabricated as described
in Section 3.1.1. The BiFeO3 solution was spin-coated. Then, the film was heated at 90 °C and at 270 °C
on a hot plate. The process was repeated four times until obtaining a film thickness of 100 nm. The
crystallization of the layer was performed using a flash lamp annealer (Pulseforge Invent, Novacentrix).

The optimized flash lamp annealing parameterswere 50 pulseswith a pulse duration of 130µs and a pulse
energy density of 3 J cm−2. The repetition rate of the pulses was 3.5Hz. The parameters of the photonic
annealing process were optimized by the finite element modeling of the time-dependent temperature
profiles in the film, as shown in [263].

After crystallization, IDEs were deposited on the films as described in Section 3.1.2. Electrical character-
ization was performed as described in Section 3.2.2.

B.3 Results and discussion

Figure B.2 (a) compares the θ/2θ scan of BFO/FS crystallized by RTA and FLA. No secondary phases
were observed. Both patterns correspond to polycrystalline BiFeO3 with a preferential orientation along
the [100]pc direction. The P(E) loops of the FLA and RTA samples are compared in Figure B.2 (b). The
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Figure B.2: (a) XRD θ/2θ scan and (b) P(E) loops of the BFO/FS crystallized by rapid thermal annealing
(RTA) and flash lamp annealing (FLA).

FLA samples show a Pr of 20µCcm−2 and a breakdown field of 600 kV cm−1. Lower breakdown field and
lower remanent polarization are obtained in the FLA films. This is probably due to the high roughness
of the FLA samples compared to the RTA samples, which underestimates the area of the IDE capacitor.

Extensive effortswere focused on crystallizing BiFeO3without a seed layer. However, no perovskite phase
was obtained in any of the experiments. The crystallization of BiFeO3 using FLA requires a PbTiO3 seed
layer. The presence of a perovskite-based seed layer seems to reduce the crystallization energy of BiFeO3.

In summary, this appendix presents the first-timemeasurement ofmacroscopic P(E) loops in FLABiFeO3

thin films, demonstrating the potential of FLA for the rapidmanufacturing of perovskite oxides. One dis-
tinctive advantage of FLA is its high compatibility with large-scale roll-to-roll processing. Nevertheless,
more efforts are required to achieve the direct crystallization of BiFeO3 by FLA without a PbTiO3 nu-
cleation layer. Different strategies can be investigated to increase the absorbed energy in the film. For
example, incorporating organic dyes into the solution or using complexing agents to increase the ab-
sorbed energy could overcome the crystallization energy barrier of BiFeO3 without causing damage to
the substrate.
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Appendix C

Role of electric field distribution in the

electro-optic coefficients

C.1 Motivation

The theory described in Section 3.3.2 and the possibility of obtaining ameaningful electro-optic coefficient
using IDE geometry relies on the assumption that the applied electric field is homogeneous throughout
the entire volume of the sample, which might not be immediately obvious when applying an in-plane
electric field with co-planar IDEs.

In this appendix, this limitation is illustrated in the attempt to measure the effective electro-optic coef-
ficients of LiNbO3 single crystals. The role of electric field penetration on the measured electro-optic
coefficients is discussed.

C.2 Experimental details

A commercial double-side polished x-cut lithium niobate (LiNbO3) single crystal (Crystal GmbH) with
a thickness of 500µm was used. The crystal has a known effective electro-optic coefficient, reff of
18 pmV−1.[88] To measure the electro-optic properties, co-planar platinum electrodes separated by a
distance of 100µm were patterned on the x-face, so that the applied electric field is parallel to the z-axis.
The electrode deposition was performed as described in Section 3.1.2. The electro-optic coefficients were
measured as discussed in Section 3.3.2.
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C.3 Results and discussion

As described in Section 3.3.2, upon alignment of the laser between the co-planar electrodes, the voltage
at the photodiode, VPD, was measured as a function of the phase controller phase shift. Then, a unipolar
sinusoidal electrical signal with a frequency of 1 kHz and an amplitude of 150V, resulting in an electric
field of 15 kV cm−1, was applied and the demodulation voltage amplitude, VLI, and phase from the lock-in
amplifier were recorded as a function of the phase controller phase shift.

Figure C.1: VLI and VPD curves for a commercial LiNbO3 single crystal measured using a Teng-Man set-
up in transmission geometry with a driving field of 15 kV cm−1.

The VPD and VLI as a function of the phase controller phase shift are displayed in Figure C.1. Under these
conditions V0PD has a value of 420mV. This corresponds to a 2π phase shift of the 45° polarized incoming
light. On the other hand, V0LI has a value of 1.32mV. Using these values, reff can be calculated using the
equation described in Section 3.3.2:

reff = r33 − r13
n3
o

n3
e

=
λV 0

LI

πn3
eLLNOAV 0

PD

(C.1)

Using the extraordinary refractive index of LiNbO3, ne = 2.2, and the thickness of the single crystal, a
reff of 0.08 pmV−1 is calculated, significantly underestimating the standard value. Between the possible
origins of this underestimation, the insufficient field penetration along the whole thickness of the crystal
seems to be the most plausible option.
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Figure C.2: Simulated electric field distribution in a LiNbO3 single crystal. The black lines indicate the
co-planar platinum pads on the surface of the crystal.

To estimate the field penetration, the in-plane component of the electric field distribution was numer-
ically simulated by the Finite Element Method with the COMSOL software package, with a voltage of
150V applied between the co-planar electrodes. The simulated in-plane component of the electric field
distribution in the crystal is shown in Figure C.2. The simulations indicate that the electric field is con-
fined to the surface of the crystal, showing a gradient along the electrode gap and the thickness of the
crystal. Indeed, the correct reff is only obtained considering an active thickness of 2.2 µm. These results
indicate that even if the phase shift induced in our ferroelectric upon the presence of an electric field can
be measured in this geometry, special attention must be paid to the real penetration of the electric field
in the crystal.

In summary, one of the main disadvantages of TM measurements in transmission geometry is the as-
sumption that the applied electric field is homogeneous throughout the entire volume of the sample. In
conventional IDEs, the electric field is applied from the surface of the film and produces a curved electric
field that penetrates through the thickness of the material. The distribution of the electric field along the
whole thickness depends on the distance between the IDE fingers among other parameters. An effective
distribution of the electric field along the whole thickness can only be achieved in devices where the dis-
tance between the electrodes is one order of magnitude larger than the thickness of the material, i.e., thin
films.
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34E. Defaÿ, Integration of Ferroelectric and Piezoelectric Thin Films (Wiley, 2011).
35H. Ishiwara, M. Okuyama, and Y. Arimoto, Ferroelectric Random Access Memories (Springer Berlin Hei-
delberg, 2004).

36I. P. Kaminow, An Introduction to Electrooptic Devices (Elsevier, 1974).
37S. M. Sze and K. K. Ng, Physics of Semiconductor Devices: Third Edition (Wiley, 2006).
38J.-F. Guillemoles, T. Kirchartz, D. Cahen, and U. Rau, “Guide for the perplexed to the Shock-
ley–Queisser model for solar cells”, Nature Photonics 13, 501–505 (2019).

39W. Shockley and H. J. Queisser, “Detailed Balance Limit of Efficiency of p-n Junction Solar Cells”,
Journal of Applied Physics 32, 510–519 (1961).

40N. F. Mott, “Note on the contact between a metal and an insulator or semi-conductor”, Mathematical
Proceedings of the Cambridge Philosophical Society 34, 568–572 (1938).

41D. Lee, S. H. Baek, T. H. Kim, J. G. Yoon, C. M. Folkman, C. B. Eom, and T. W. Noh, “Polarity control
of carrier injection at ferroelectric/metal interfaces for electrically switchable diode and photovoltaic
effects”, Physical Review B 84, 1–9 (2011).

42L. Pintilie, C. Dragoi, and I. Pintilie, “Interface controlled photovoltaic effect in epitaxial Pb(Zr,Ti)O3

films with tetragonal structure”, Journal of Applied Physics 110, 044105 (2011).
43P. Lopez-Varo, L. Bertoluzzi, J. Bisquert, M. Alexe, M. Coll, J. Huang, J. A. Jimenez-Tejada, T. Kirchartz,
R. Nechache, F. Rosei, and Y. Yuan, “Physical aspects of ferroelectric semiconductors for photovoltaic
solar energy conversion”, Physics Reports 653, 1–40 (2016).

44L. You, A. Abdelsamie, Y. Zhou, L. Chang, Z. S. Lim, and J. Wang, “Revisiting the Ferroelectric Photo-
voltaic Properties of Vertical BiFeO3 Capacitors: A Comprehensive Study”, ACS Applied Materials &
Interfaces 15, 12070–12077 (2023).

45A. Grillo and A. Di Bartolomeo, “A Current–Voltage Model for Double Schottky Barrier Devices”, Ad-
vanced Electronic Materials 7, 2000979 (2021).

46Z. Dai and A. M. Rappe, “Recent progress in the theory of bulk photovoltaic effect”, Chemical Physics
Reviews 4, 011303 (2023).
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115H. Béa, M. Bibes, A. Barthélémy, K. Bouzehouane, E. Jacquet, A. Khodan, J.-P. Contour, S. Fusil, F.
Wyczisk, A. Forget, D. Lebeugle, D. Colson, and M. Viret, “Influence of parasitic phases on the prop-
erties of BiFeO3 epitaxial thin films”, Applied Physics Letters 87, 1–4 (2005).

116C.-C. Leu, T.-J. Lin, S.-Y. Chen, and C.-T. Hu, “Effects of Bismuth Oxide Buffer Layer on BiFeO3 Thin
Film”, Journal of the American Ceramic Society 98, edited by P. Paranthaman, 724–731 (2015).

117X. Qi, J. Dho, R. Tomov, M. G. Blamire, and J. L. MacManus-Driscoll, “Greatly reduced leakage cur-
rent and conduction mechanism in aliovalent-ion-doped BiFeO3”, Applied Physics Letters 86, 062903
(2005).

118Y. Noguchi, H. Matsuo, Y. Kitanaka, and M. Miyayama, “Ferroelectrics with a controlled oxygen-
vacancy distribution by design”, Scientific Reports 9, 4225 (2019).

119S. K. Singh, H. Ishiwara, and K. Maruyama, “Room temperature ferroelectric properties of Mn-
substituted BiFeO3 thin films deposited on Pt electrodes using chemical solution deposition”, Applied
Physics Letters 88, 262908 (2006).

120S. K. Singh, H. Ishiwara, K. Sato, and K. Maruyama, “Microstructure and frequency dependent elec-
trical properties of Mn-substituted BiFeO3 thin films”, Journal of Applied Physics 102, 094109 (2007).

121C. Yang, Y. Han, J. Qian, P. Lv, X. Lin, S. Huang, and Z. Cheng, “Flexible, Temperature-Resistant, and
Fatigue-Free Ferroelectric Memory Based on BiFe0.93Mn0.05Ti0.02O3 Thin Film”, ACS Applied Materials
& Interfaces 11, 12647–12655 (2019).

122T. Kawae, Y. Terauchi, H. Tsuda, M. Kumeda, and A. Morimoto, “Improved leakage and ferroelectric
properties of Mn and Ti codoped BiFeO3 thin films”, Applied Physics Letters 94, 112904 (2009).

123M. Yang, A. Bhatnagar, andM. Alexe, “Electronic Origin and Tailoring of Photovoltaic Effect in BiFeO3

Single Crystals”, Advanced Electronic Materials 1, 1500139 (2015).

https://doi.org/10.1039/C7TC03345A
https://doi.org/10.1021/am2003747
https://doi.org/10.1063/1.4867703
https://doi.org/10.1063/1.4867703
https://doi.org/10.1111/jace.12982
https://doi.org/10.1111/jace.12982
https://doi.org/10.1021/cm802607p
https://doi.org/10.1021/cm802607p
https://doi.org/10.1063/1.2009808
https://doi.org/10.1111/jace.13377
https://doi.org/10.1063/1.1862336
https://doi.org/10.1063/1.1862336
https://doi.org/10.1038/s41598-019-40717-0
https://doi.org/10.1063/1.2218819
https://doi.org/10.1063/1.2218819
https://doi.org/10.1063/1.2812594
https://doi.org/10.1021/acsami.9b01464
https://doi.org/10.1021/acsami.9b01464
https://doi.org/10.1063/1.3098408
https://doi.org/10.1002/aelm.201500139


References 121

124T. Rojac, A. Bencan, G. Drazic, N. Sakamoto, H. Ursic, B. Jancar, G. Tavcar, M. Makarovic, J. Walker,
B. Malic, and D. Damjanovic, “Domain-wall conduction in ferroelectric BiFeO3 controlled by accumu-
lation of charged defects”, Nature Materials 16, 322–327 (2017).

125P. Machado, M. Scigaj, J. Gazquez, E. Rueda, A. Sánchez-Dı́az, I. Fina, M. Gibert-Roca, T. Puig, X.
Obradors, M. Campoy-Quiles, andM. Coll, “Band Gap Tuning of Solution-Processed Ferroelectric Per-
ovskite BiFe1–xCoxO3 Thin Films”, Chemistry of Materials 31, 947–954 (2019).

126A. Bhatnagar, A. Roy Chaudhuri, Y. Heon Kim, D. Hesse, and M. Alexe, “Role of domain walls in the
abnormal photovoltaic effect in BiFeO3”, Nature Communications 4, 2835 (2013).

127H. Matsuo, Y. Kitanaka, R. Inoue, Y. Noguchi, M. Miyayama, T. Kiguchi, and T. J. Konno, “Bulk and
domain-wall effects in ferroelectric photovoltaics”, Physical Review B 94, 214111 (2016).

128D. J. Kim and M. Alexe, “Bulk photovoltaic effect in monodomain BiFeO3 thin films”, Applied Physics
Letters 110, 183902 (2017).

129H. Matsuo, Y. Noguchi, and M. Miyayama, “Gap-state engineering of visible-light-active ferroelectrics
for photovoltaic applications”, Nature Communications 8, 207 (2017).

130S. Nakashima, T. Higuchi, A. Yasui, T. Kinoshita, M. Shimizu, and H. Fujisawa, “Enhancement of pho-
tovoltage by electronic structure evolution in multiferroic Mn-doped BiFeO3 thin films”, Scientific Re-
ports 10, 15108 (2020).

131R. P. S.M. Lobo, R. L.Moreira, D. Lebeugle, andD.Colson, “Infrared phonondynamics of amultiferroic
BiFeO3 single crystal”, Physical Review B 76, 172105 (2007).

132S. Kamba, D. Nuzhnyy, M. Savinov, J. Šebek, J. Petzelt, J. Prokleška, R. Haumont, and J. Kreisel, “In-
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221M.Makarovic,M. Ç. Bayir, H. Ursic, A. Bradesko, and T. Rojac, “Domainwall conductivity as the origin
of enhanced domain wall dynamics in polycrystalline BiFeO3”, Journal of Applied Physics 128, 064104
(2020).

222O. F. Schirmer, M. Imlau, and C. Merschjann, “Bulk photovoltaic effect of LiNbO3:Fe and its small-
polaron-based microscopic interpretation”, Physical Review B 83, 165106 (2011).

https://doi.org/10.1016/j.actamat.2012.09.070
https://doi.org/10.1016/j.actamat.2012.09.070
https://doi.org/10.1063/1.126063
https://doi.org/10.1021/nl4023435
https://doi.org/10.1103/PhysRevLett.81.3014
https://doi.org/10.1002/adma.202203071
https://doi.org/10.1063/1.4990470
https://doi.org/10.1063/1.4990470
https://doi.org/10.1063/1.4990470
https://doi.org/10.1063/1.4990470
https://doi.org/10.1016/j.jallcom.2014.08.011
https://doi.org/10.1016/j.jallcom.2014.08.011
https://doi.org/10.1116/1.5011790
https://doi.org/10.1116/1.5011790
https://doi.org/10.1116/1.5011790
https://doi.org/10.15541/jim20190005
https://doi.org/10.1002/pssa.201600356
https://doi.org/10.1002/pssa.201600356
https://doi.org/10.1186/1556-276X-8-297
https://doi.org/10.1186/1556-276X-8-297
https://doi.org/10.1063/1.2830799
https://doi.org/10.1063/5.0017374
https://doi.org/10.1063/5.0017374
https://doi.org/10.1103/PhysRevB.83.165106


128 References
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