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CHAPTER 1

Introduction

ABQOj; perovskite oxides represent a lucrative and diverse class of materials to dis-
cover new (multi-)functional materials. In first place, they are known for their ferro-
electric representatives, for instance lead zirconate titanate Pb[Zr,Ti;]Os (PZT) or
barium titanate BaTiO3z (BTO) being established in a variety of commercial applica-
tions." In addition to ferroelectricity, the two complementary ferroic properties are fer-
romagnetism and ferroelasticity. Materials comprising at least two ferroic properties
are known as multiferroics. Especially, multiferroic coupling in magnetoelectric ma-
terials are of immense interest in the material research community.2® The concept
of switching the magnetization by the application of electric fields could lead to the
development of future memory devices.* However, the coexistence of ferroelectricity
and ferromagnetism is rare in single-phase materials.>® One of the most prominent
candidates is bismuth ferrite BiFeO3 being referred to as "the holy grail of research on
magnetoelectric multiferroics".* BiFeOs is ferroelectric and antiferromagnetic at room
temperature and has been successfully utilized to fabricate magnetoelectric coupling
devices.”®

On one hand, the absence of inversion symmetry in the crystal structure is neces-
sary pre-condition for the existence of ferroelectricity. On the other hand, it is required
for the occurrence of the so-called bulk photovoltaic (BPV) effect.’® The BPV effect is
fundamentally different to the photovoltaic effect in semiconductors like silicon used
in commercially available solar cells. Being discovered in the 1950s in BaTiO3'", the
BPV effect has three unique features:

I) The open-circuit voltages can exceed the corresponding band gap
by several orders of magnitude.'>'3
II) Magnitude and direction of the BPV effect depend on the polarization
state of the incident light."*
[ll) The photovoltaic properties, open-circuit voltage and short-circuit
current, can be reversed by the application of electric fields.'>'6

As demonstrated in Figure 1.1, the research field of ferroelectric photovoltaics
revitalized after the demonstration of the photovoltaic effect in BiFeO3 thin films in
2009."718 After initial discussion about its origin,'® the BPV effect was demonstrated
as underlying mechanism of the observed photovoltaic behavior in BiFeO3.">1%20 The
BPV effect in addition to its multiferroic character makes BiFeO; interesting for a new
generation of devices, that is photovoltaic neuromorphic systems.?!
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Figure 1.1: Number of publication containing the terms "bulk photovoltaic effect", "photogal-
vanic effect”, "anomalous photovoltaic effect, or "ferroelectric photovoltaic effect"
from 1955 to 2021. The inset shows their total number of citations. Certain data
included herein are derived from Clarivate Web of Science. © Copyright Clari-
vate 2022. All rights reserved.

Even though the band gap of BiFeOs (2.7 eV??) is low compared to other ferro-
electric perovskite oxides, it is not optimal for photovoltaic energy-conversion appli-
cations.?®> The optimum band gap derived from thermodynamic consideration of a
single-junction absorber ranges from 1.0 to 1.5 eV leading to a theoretically possible
maximum energy conversion efficiency of ~ 30 %.24% There are different strategies to
create a low-band gap ferroelectric. For example, the ferroelectric solid solution per-
ovskite oxide based on potassium niobate [KNbO3]y ¢[BaNij2Nb1,203.5].1 revealed a
reduced band gap of 1.4 eV.26 Another interesting material is Bi,FeCrOg being closely
related to BiFeOs. The chromium replacement of iron in BiFeO3 was initially proposed
to induce ferromagnetic ordering (instead of antiferromagnetic ordering). Interestingly,
depending on the extent of the cationic ordering in the double perovksite Bi,FeCrOg
structure, the band gap varies from 1.4 to 2.5eV.?” The cationic ordering is control-
lable by the deposition conditions and therefore, a multi-layer device was fabricated
and achieved an energy conversion efficiency of 8.1 %, currently the maximum re-
ported value of a photovoltaic device based on a ferroelectric perovskite oxide mate-
rial.?’

The objective of this cumulative thesis was to conduct fundamental investiga-
tions of the BPV effect in bismuth-based ferroelectric perovskite oxides, BiFeO3; and
BioFeCrOg. The intrinsic link between the ferroelectric properties and BPV effect of
BiFeO3; was demonstrated using systematic photoelectrical measurements of differ-
ent ferroelectric domain configurations under linearly polarized light. Furthermore,
the circular BPV effect of BiFeO3; was explored for the first time and an anomalous
character of the BPV effect under circularly polarized light was observed. Finally, the
ferroelectric and resistive switching behavior of Bi,FeCrOg and their influence on the
photovoltaic performance were investigated. The outcome of this work was published
in various peer-reviewed articles (see Publication List above) and presented at several
international conferences. Chapter2 and 3 give short descriptions of the fundamen-




1. Introduction

tal basics and experimental techniques, respectively. The main results of this thesis
are represented by the corresponding articles (as published) in Chapter4, 5 and 6.
Supplementary Information can be found at the end of each chapter. Chapter 7 sum-
marizes and concludes the main findings of this thesis.

Detailed descriptions of the co-authors’ contribution can be found at the end each
publication. The designs of the experiments were conceptualized in close collab-
oration with Dr. Akash Bhatnagar. X-ray diffraction measurements were performed
by Yeseul Yun, Niranjan Ramakrishnegowda, Xinye Li and Lutz Mihlenbein. Raman
scattering experiments and analysis were performed by Dr. Matthias Steimecke. Trans-
mission electron microscopy specimen preparation and measurements were performed
by Dr. Andriy Lotnyk. Dr. Cameliu Himcinschi performed ellipsometric measurements
and analysis.
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CHAPTER 2

Basics

2.1 Ferroic Properties and Multiferroic Interactions

Ferroelectrictiy, ferromagnetism and ferroelasticity are the three primary ferroic prop-
erties. Ferroelectrics, ferromagnets, and ferroelastics exhibit a spontaneous polariza-
tion, spontaneous magnetization and spontaneous (mechanical) strain, respectively,
with at least two orientation states. It is possible to switch between these states by the
application of an external stimulus (electric field, magnetic field, mechanical stress)
following a hysteretic behavior (Figure 2.1a). Materials, exhibiting at least two ferroic
orders in one phase, are called multiferroics.’ The co-existence of these is a funda-
mental requirements for the observation of multiferroic elastoelectric, magnetoelectric,
and magnetoelastic coupling effects (Figure 2.1b).

Ferroelectric

Magnetoelastic
Ferroelastic Ferromagnetic

Figure 2.1: a Hysteretic behavior of the ferroic properties spontaneous polarization P, mag-
netization M and strain ¢ as a function of the external stimulus electric field E,
magnetic field H and mechanical stress o, respectively. The application of the
external stimulus enables the setting of two different orientation states (I. & I1.).
b Ferroic properties and multiferroic coupling including magnetoelastic, elasto-
electric, and magnetoelectric effects (adapted from Spaldin et al.?).

For future applications, multiferroic materials combining ferroelectric and ferro-
magnetic properties are interesting for novel devices.? The possibility of tuning the
magnetization by the application of electric fields is capable of renew data storage
concepts®, however, multiferroic magnetoelectric character is a rare combination in
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single-phase materials at room temperature. Prominent candidates are bismuth-
based ferroelectric perovskite oxides (more details and comparison to prototype per-
ovskite oxides in Section 2.2).4°

2.1.1 Ferroelectricity

Despite the co-existence of magnetic ordering in BiFeO3 and Bi,FeCrOg, ferroelectric-
ity is the primary ferroic property of interest in this thesis and will be further discussed
below. The schematic in Figure 2.2 demonstrates the necessary pre-conditions for the
existence of ferroelectricity in a crystal. Out of 32 crystal classes, only 10 are fullfilling
those conditions.®” The structure has to be non-centrosymmetric, piezoelectric, and
pyroelectric with a switchable polarization.

32 point groups

21 non-centrosymmetric

. 20 piezoelectric

\ 10 i
. pyroelectric
)

ferroelectric

Figure 2.2: Classification of crystal classes, demonstrating the necessary pre-conditions for
the existence of ferroelectricity.

Piezoelectricity is a tensorial property describing the coupling between mechanical
stress o / mechanical strain ¢ and electric polarization P, / electric field £;: 7

Direct piezoelectric effect: Converse piezoelectric effect:
P = dijkajk (2.1) Ejk = dijkEi (2.2)

The third rank piezoelectric tensor d,;;, can be derived from the symmetry of the
crystal. Note, that the tensorial notation is often replaced by a reduced matrix no-
tation due to a reduction of independent coefficients because of symmetry reasons.
The converse piezoelecric effect is utilized to investigate ferroelectric crystals using
piezo-response force microscopy (PFM). Details on the technique can be found in
Section3.4.1.

Pyroelectric crystals undergo a phase transition from a paraelectric high-symmetry
high-temperature to a polar low-symmetry low-temperature phase crossing a specific
temperature called Curie temperature. This transition induces a change of polariza-
tion AP; for a temperature change AT":%’

AP, = p;AT (2.3)
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The first rank polar tensor p; consists out of three coefficients. Pyroelectricity is
theoretically possible in 10 out of 32 crystal classes referred to as polar classes (1, 2,
3, 4, 6, m, mm2, 3m, 4mm, 6mm).%’

The schematic of an ABOs pervoskite oxide structure in Figure 2.2a-b demon-
strates the transition from a cubic centrosymmetric to a tetragonal non-centrosymmetric
with an off-centered B-cation in direction of the polar axis. As mentioned in Sec-
tion 2.1, a ferroic property has two different states of orientation that are switchable by
an external stimulus. Transfering this to the prototype ferroelectric ABO;3; structure in
Figure 2.3b-c, the position of the B-cation can be reversibly switched by an external
electric field resulting of an opposed electric polarization (black arrows).

[
|
: ‘ ) A-site cation
|
|

( B-site cation

| L___T£/ L___T£ © Oxygen anion

66 69 G-°@

electric field

| |
: |
'o: P | e
' |
|

("

Figure 2.3: a Cubic paraelectric ABOj3 structure above the Curie temperature T,. b Tetrago-
nal pyroelectric ABOj3 structure below T with off-centered B-site cation inducing
polarization along [001]-direction. Hysteretic electric-field reversal of polariza-
tion (from b to ¢) is needed to establish ferroelectricity.

The switching from one orientation state to the other follows a hysteretic behavior
(compare Figure2.1a) and the threshold electric field needed to change the polar-
ization is called coercive electric field £.. The remaining polarization in absence of
an electric field is referred to as remanent polarization +F,.. A domain is an area of
same polarization (direction) with a separating boundary called domain wall. Further
details on the domain configurations and its visualization using PFM are explained in
Section 3.4.1.

Ferroelectrics are commonly used in capacitors because of their high dielectric
permittivity, in actuators and sensors because of their strong piezoelectric coupling,
and in ferroelectric memory devices because of their hysteretic polarization behavior.?
Especially ferroelectric perovskite oxides are of great interest in the material science
research because of their simple atomic structure, sensitivity to strain (with respect to
thin films), and the innumerable different compositions with a wide range of different
functional properties.®
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2.2 A-site Driven Ferroelectric Perovskite Oxides

Perovskite oxides consist out of an A-site cation, a B-site transition metal cation, sur-
rounded by a cage of oxygen anions (compare Figure 2.3). A mismatch between the
radii of A-site and B-site cation favors crystal structures different than the ideal cubic
pervoskite structure. Calculating the Goldschmidt tolerance factor t,p0° can give a
first idea of the present structure of a perovskite oxide:

; A+ Tox
ABO V2 (rg +ro2)

whereas r; are the radii of the different ions (ionic radius values taken from Shan-
non'®). Perovskite oxides with values ¢ > 1 tend to exhibit a tetragonal ferroelet-
ric structure. This scenario of a "prototype" ferroelectric material is valid in BaTiO3
(tsro ~ 1.06) with a tetragonal crystal structure at room temperature'’'2. Further-
more, the d-shell of B-site transition metal ion is empty (see formal electron configu-
ration in (2.6)).*'® Ferroelectricity arises from off-centering of the transition metal ion
with respect to the oxygen cage. The hybridization between empty d-orbital and oxy-
gen 2p-orbital stabilizes the ferroelectric distortion.*'* Most ferroelectric perovskite
oxides contain a B-site cation with empty d-shell (Ti**, Zr*4, Nb*5) and this fact is
sometimes referred to as d’-ness of ferroelectrics. This condition prohibits the exis-
tence of a magnetic ordering in most ferroelectric perovskite oxides.*

tgTO ~ 1.06 tBFO ~ 0.88, (2.4)

Ba: [Xe]6s* — Ba": [Xe]6s” (2.5)
Ti: [Ar]3d?4s® — Ti**: [Ar)3d%4s" (2.6)

Contrary, the scenario is different in bismuth-based ferroelectrics like BiFeOs3. The
Goldschmidt tolerance factor (tgro ~ 0.88) is smaller than one and the small Bi*™2 ion
on the A-site introduces a local distortion which favors rhombohedral structures.' In
this case, ferroelectricity is not driven by the off-centering of the B-cation, but there is
a strong hybridization of the A-site bismuth cation’s 6p- and the oxygen 2p-orbitals.*
The ferroelectricity is driven by the bismuth 6s2-orbital. The room temperature crystal
structure of BiFeO3; and the origin of ferroelectricty will be discussed in detail below in
Section2.2.1.

The iron cation at the B-site has a partially filled d-orbital (see formal electron
configuration in (2.8)). The existence of a partially filled d-orbital of the transition
metal ion at the B-site is a precondition of magnetic ordering. Details on the magnetic
ordering in BiFeO3; and Bi,FeCrOg will be explained below.

Bi: [Xe]4f*5d'°6s%6p® — Bi*": [Xe]4f'*5d'6s%6p" (2.7)
Fe: [Ar]3d%4s? — Fe®':[Ar]3d°4s° (2.8)
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2.2.1 Bismuth Ferrite BiFeO;

The crystal structure of BiFeO3 below the Curie temperature 7.=1083 K (810 °C)'® is
rhombohedral (space group R3c, point group 3m)."”~'® The rhombohedral (rh) struc-
ture (a,, = 5.64343 A, a,;, = 59.348°)'° can be described with the help of two cubic
perovskite oxide unit cells (pseudo-cubic (pc) notation) with a slight rhombohedral dis-
tortion (a,. = 3.965A, o, = 89.45° as shown in Figure 2.4a.'® Note: The tensorial
calculations of physical properties, e.g. BPV effect, requires the transformation from
the rhombohedral to the cartesian coordinate system based on a hexagonal structure
(IEEE standard setting). More information about the transformation can be found in
Section 5.S.

I
]
|
|
¢ O
______ [100],,
L L P
L Bi®* cation © Fe3* cation
© O?% anion

Figure 2.4: a Connection between two cubic perovskite oxide unit cells (gray dotted lines,
pseudo-cubic (pc)) and the rhombohedral (rh) unit cell of BiFeO3 (solid yellow
lines). The opposed rotation of the two oxygen octahedra is visualized slightly.
b Demonstration of the polarization direction with respect to the pseudo-cubic
and rhombohedral unit cell.

Due to the ionic configuration, there is an opposed rotation of neighboring oxygen
octahedra about and an ionic displacement of Bi™® and Fe* ions along the [111] di-
rection (Black arrow in Figure 2.4b)."®2° The rotation angle of the oxygen octahedra is
w=413.8°."° The resulting polarization arises from a relative shift of the Bi** and Fe**
within its O% surrounding along the [111], direction, whereas the Bi** displacement
(0.540 A) is four times larger than the Fe®* displacement (0.135A).'® The large Bi®*
displacement is originated from the stereochemically active 6s* lone pair. Ferroelec-
tricity driven by an A-site lone pair has been also demonstrated to occur in BiMnO3?!
and PbTiO3*. The theoretically predicted magnitude of polarization in BiFeO3 ranges
from 90 uCcm=2 to 100 pC cm2,2° which agrees with experimental investigations of
single crystals?? and thin films?3.

Depending on the variant, the polarization vector can point along any of the four
diagonal of the perovskite unit cell. The polarization of each structural (or ferroelas-
tic) variant P; has two antiparallel direction options, two ferroelectric variants. In total,
there are eight different polarization variants Pitin BiFeO5; as shown in Figure 2.5a.
The separating domain walls are described using the angle between the correspond-
ing polarization vector. Boundaries separating two antiparallel variants of the same
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structural variant (P7 / P7) are called ferroelectric 180° domain walls (Figure 2.5b).
Ferroelastic 109°and 71 ° domain walls (Figure 2.5¢,d) occur at the interface between
polarization variants of different structural variants.

a o o+ D c d
s A1
Py /P/” /
NN A PN PN
] /// P: 7 ‘ 7 [ 7
180° 109° 71°

Figure 2.5: a Eight possible polarization variants resulting from two ferroelectric variants
from each of the four structural (or ferroelastic) variants. b-d Polarization vec-
tor configuration of neighboring domains resulting in 180°,109°and 71 ° domain
walls, respectively.

Initial neutron powder diffraction investigations of single crystals in the 1960/70s
identified BiFeO3 as G-type anti-ferromagnet.'®242° Different experimental techniques
revealed the Néel temperature Ty in the range from 643 to 655 K (370 to 382 °C)."526
Subsequent high-resolution time-of-flight neutron diffraction experiment revealed the
existence of an antiferromagnetic cycloidal arrangement of spins (spin spiral) with
a period length of A ~60nm.?” The weak effective magnetic moment arises from
a small spin canting induced by the interaction between the non-collinear antiferro-
magnetic texture and the ferroelectric polarization via the Dzyalshinksii-Moriya inter-
action.2830 A schematic representation of the antiferrogmagnetic spin cycloid can be
found in Figure 2.6. In recent studies, the antiferromagnetic spin texture in BiFeOj3 thin
films was visualized via scanning nitrogen-vacancy magnetometry.3' The propagation
direction of the cycloid changes from one ferroelectric domain to the other®? and the
influence of the epitaxial strain on the cycloidal arrangement can be used to tailor the
antiferromagnetic character of the thin films.33-%°

a/2
_,'
2 b 2 A f
______ =1 |
/ af m ;
I | eff |
kq || 017, (111),c plane
. \kw[om,,; . L I?‘ﬁ,
8 | ; !
g \Q‘\Q\v° l|./ _____

00k Ko || [110)c Ky || [107);e K, || [110],

Ks || [101],

Figure 2.6: a Pseudo-cubic unit cell of BiFeO3 with the three possible cycloid propagation
directions (k1 ||[011]pc, K2 ||[110]pc, k3 ||[101]pc). The ferroelectric polarization is
pointing in [111],¢ direction and all three cycloid propagation direction lie within
the (111),c plane. b Schematic representation of the cycloid arragement of Fes+
spins in two neighboring (111),c planes with periodic length A (top and bottom).
The canting of the antiferromagnetic spin alignment (described by «) gives rise
to an effective magnetic moment m.g (middle). (Adapted from Gross et al.3')
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The fabrication of epitaxial BiFeO; thin films with high polarization magnitude
and small magnetization in the early 2000s triggered developing of electromagnetic
coupling devices.?® Using high-quality BiFeOj3 single crystals, electromagnetic cou-
pling was demonstrated.®® The application of an electric field forced a reorientation
of the ferroelectric polarization and thus a changed orientation of the canted spin
cycloid.®® The destruction of the cycloidal antiferromagnetic spin arrangement in thin
films due to the epitaxial strain has been proposed®’ and experimentally demonstrated
on SrTiOz (111), substrates® However, subsequent experiments demonstrated the
spin cycloid existence in thin film fabricated under moderate epitaxial strain.®® The
electromagnetic coupling in BiFeO; thin film based advanced heterostructures was
also demonstrated.®**! The application of electric fields to the BiFeOs layer changed
the polarization direction and reversed the weak antiferromagnetic magnetization.
Antiferromagnetic-ferromagnetic coupling induced a switching in a ferromagnetic top
layer (CoggFeg 1).34*!

2.2.2 Bismuth Iron Chromium Oxide Bi,FeCrOg

Simultaneous to the demonstration of the electromagnetic coupling in BiFeO; de-
scribed above, there is an ongoing search for alternative room temperature multi-
ferroics. Other Bi-based ferroelectrics with similarities to BiFeO3; are promising can-
didates and the first description of BioFeCrOg using first principle density functional
theory calculation predicted the existence of both large polarization and large mag-
netization at room temperature.*?>** The ordered double perovskite consists out of
alternating Cr and Fe planes in [111],. direction (compare Figure 2.4). As in BiFeOs,
ferroelectricity is induced by Bi*3-cation at the A-site.**2 With regard to BiFeQOs, the al-
ternating substitution of Fe-ion with Cr-ions reduces the crystal symmetry from space
group R3c to R3 (a,, = 5.47A, «,;, = 60.099).2%3 Spontaneous magnetization is
introduced via ferrimagnetism.*? The Fe and Cr planes were expected to show ferro-
magnetic properties with an antiferromagnetic coupling between them and the differ-
ent magnitude of magnetization results in an overall net magnetization.*?

Soon after the theoretical prediction, successful synthesis of Bi,FeCrOg thin films
enabled experiments to confirm the expected multiferroic behavior at room tempera-
ture by Nechache et al..**~*® The thin films were fabricated using pulsed laser deposi-
tion with a single stochiometric Bi,FeCrOg target, dual cross beam pulsed laser depo-
sition*® and superlattice growth® with separate BiFeO3; and BiCrO; targets. Thin films
were grown mostly on both single-crystalline (001). and (111),. SrTiO3 substrates.
The existence of cationic ordered Fe/Cr layering along [111], direction was demon-
strated using X-ray diffraction measurements*®#’ and is essential for the multiferroic
character of the material*®. Thin films with decreased ionic ordering are expected to
show a massively decreased (if any) net magnetization.®’
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2.3 Bulk Photovoltaic Effect

The photovoltaic (PV) effect is the conversion of photon energy into electric energy,
i.e. the generation of electric voltage and current under illumination. Semi-conducting
materials absorb the photon energy of the incident illumination and convert it into
chemical energy of an excited electron-hole pair. The separation of the excited charge
carriers results in a steady-state current and/or voltage.

Conventional photovoltaic devices (solar cells) are based on semi-conducting ma-
terial (often silicon) with differently doped regions. Because of the formation of a
depletion layer between these regions, the effect is also referred to as barrier or
junction photovoltaic effect.>%3 Another different photovoltaic effect is the bulk photo-
voltaic (BPV) effect also known as photogalvanic (PG) effect or abnormal/anomalous
photovoltaic (APV) effect. The name refers to the general occurrence of the effect
within the bulk of a material without any inhomogeneity, e.g. within a pure crystal.®?
In contrast to the barrier photovoltaic effect, the current flow direction is predefined
by the internal symmetry of the crystal and the effect occurs in a uniform medium
under homogeneous illumination.> Due to symmetry reasons, the BPV effect in fer-
roelectrics and pyroelectrics is closely connected to the polarization direction. Thus,
both polarization and BPV current flow can be tuned by the application of electric
fields in ferroelectrics. Despite this switchability, there are two more outstanding fea-
tures, which make the effect clearly distinguishable from the barrier photovoltaic effect:

[) The observed open-circuit voltages are not limited by the corre-
sponding band gap of the material.>®°¢
Il) The BPV properties depend on the polarization of the incident light.%’

2.3.1 Microscopic Origin

After the first observation of an abnormal photovoltaic in BaTiOj3 in the late 1950s,%®
the research interest of the ferroelectric photovoltaic effect emerged. In the 1960s and
70s, the BaTiO; studies®>"°° were accompanied by investigations of PbZr, Ti;.,O3°°
and transition metal doped LiNbO; (usually Fe-doped)°®>6°-62 Several theoretical in-
vestigations have been carried out trying to explain the microscopic origin of the ef-
fect.528% Contrary to the barrier-layer photovoltaic effect in semiconductors with pn-
junction®485, the transport of excited charge carriers exists without a gradient of elec-
trochemical potential.®® Illlumination of ferroelectrics induces a local heating and there-
fore pyroelectric effects, however, corresponding transient currents resulting from the
excitation-provoked polarization change cannot explain the observed steady-state
photo current under constant illumination.8” A first model proposed by Glass et al. in
the mid 1970s suggests an asymmetric charge transfer at homogeneously distributed
impurities (for example Fe dopants in LiNbO3).%”

Soon after the introduction of the Glass model, the quadratic response theory
was used to describe BPV currents in pure ferroelectric crystals without consider-
ing any impurity or trap level assistance phenomenologically.?6¢-7° The current den-
sity is linked to the electric field of the radiation by the introduction of an additional
quadratic term.¢68-"0 This is analogous to the description of the induced polarization
under illumination describing non-linear optical effects with the quadratic response
theory_66,68—70
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Further theoretical studies confirm that the BPV effect is inherent in media lacking
inversion symmetry and can be explained by the general asymmetry of elementary
electronic processes.?®”'="3 The asymmetry of excitation, recombination and scatter-
ing processes leads to the absence of detailed balancing under non-equilibrium condi-
tions” and is valid for several different transitions (band-band, impurity-band, etc.).”*
Consequently, the steady-state current under illumination arises from an asymmetric
electron distribution function of non-equilibrium charge carriers.”®”® For the generation
of photo electro-motoric forces, either the existence of asymmetries in real space or
an asymmetric momentum distribution of excited charge carriers is needed.>® This is
the main difference between the barrier effect in conventional photovoltaic devices and
the bulk photovoltaic effect in non-centrosymmetric materials. The pn-junction exhibits
a gradient of electrochemical potential as an asymmetry in real space.”® Whereas the
BPV effect originates from the asymmetry of the elementary electronic processes in
momentum space.’® Currents arising from the asymmetric momentum distribution are
also referred to as ballistic currents j, and contribute to both linear and circular BPV
effect.”®

The theoretical understanding of the BPV effect was extended at the beginning of
the 1980s.””"8 The overall current arising from the BPV effect, however, is a sum of j,
and the so-called shift (or displacement) current j,.”78 4, results from a spatial shift
(in real space) during the electron excitation’®’®. The shift contribution to the BPV
current depends on the non-diagonal elements (with respect to the band number) of
the density matrix.”6-78:80

The discovery of the photovoltaic effect in BiFeOz; (compare Section2.3.3) re-
initiated theoretical investigations of the shift current contribution to the overall BPV
response.®’®2 Due to the simultaneous existence of j, and j, with comparable magni-
tude, the experimental separation of these two contributions is challenging.”® Despite
the complex realization, first experimental efforts trying to distinguish the overall BPV
response in piezoelectric Bi;oGeO, into its corresponding ballistic and shift current
contributions have been published recently.®°

2.3.2 Phenomenological Description

The phenomenological expression of a current j in a uniform medium with applied
electric field £ and under illumination of a monochromatic light wave (wave vector ¢,
polarization unit vector ¢, light intensity .J) is shown in Equation (2.9).%48 The expres-
sion is incomplete and describes the corresponding currents with independent tensor
components without giving information about the magnitude of the coefficients:%*

Non-linear correction of Ohm’s law Photon-drag effect

ph * * *

. EjelemJ + xijlmqjelemj + ﬁijlejelJ +.... (29
L 1

ijlm
Dark conduction (Ohm's law) Photo conduction Bulk photovoltaic effect

d
Ji = UijEj + UilejEl + o
[

The BPV effect is a physical property described by the third-rank BPV tensor 3;;;.”
The transformation path from the general third rank tensor to the linear bulk photo-
voltaic (LBPV) and circular bulk photovoltaic (CBPV) tensors are shown in Figure 2.7.
First, the symmetry operations of the corresponding crystal structure is applied to
the general form of a third-rank tensor 551- The resulting symmetry-specific tensor
Biji can be split into its symmetric 32, and antisymmetric 3.}, part.®* 37, describes

13
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the BPV effect under linearly-polarized light illumination. Due to the symmetry of lin-
early polarized light, a reduced matrix notation can be used (tensor notation: 3% =27
independent coefficients, Bfﬂ — matrix notation: 3x6 =18 independent coefficients,

L).57 The shape of the linear BPV tensor 3% is analogous to the piezoelectric tensor
d;; and therefore 3% is non-zero for all piezoelectrics. ﬂ;;‘.l describes the BPV effect
under circularly-polarized light and can be transformed into a second-rank tensor 35
using the Levi-Civita symbol. 3 is non-zero for all gyrotropic materials. Its appear-
ance is analogous to the gyrotropic axial (pseudo-)tensor g;., which is connected to

the natural optical activity tensor 7;;‘., using the Levi-Civita symbol &;;,.858¢

) )
. reduced matrix notation
symmetric part 3x3x3 —> 3x6 LBPV tensor
S L

gl il
- «

general

G
ijl

symmetry-specific

e

crystal symmetry

) )
Levi-Civita symbol
CPBV tensor

€ijk
A C
il il

- @@ - @@

antisymmetric part

Figure 2.7: Transformation steps from general form of third rank tensor to linear and circular
BPV (pseudo-)tensors, respectively.

Consequently, the overall BPV current j; can be subdivided into the currents ;I
and ;¢ arising from the linear and circular BPV effect, respectively. j* depends on the
direction of the incident linear light polarization. ;¢ scales up with the light’s circularity.

Circular BPV effect
1
Ji = Bipejel J =it +3i = Bile € + Bile €] (2.10)
|
Linear BPV effect

As described above, the open-circuit voltages V; ,. corresponding to j; are not
limited by the band gap of the absorbing material:

Vige = — 2L @.11)
’ Oph + 04

Following the linear relation between current and voltage, i.e. Ohm’s law, V; ..
depends on the overall conductivity o, + o4, the short-circuit current density j; and
scales up linearly with the inter-electrode distance [. Hence in open-circuit condition,
an electric field builds up caused by the accumulation of charge carriers at the elec-
trodes due to the photovoltaic current generation. Because of the tensorial nature
of the (bulk) photovoltaic current (compare Equation (2.10)), the resulting open-circuit

voltage also depends on the polarization state of the incident light.
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2.3.3 Photovoltaic Effect in BiFeO3; & Bi,FeCrOg

The research of ferroelectric photovoltaic materials revitalized after the observation of
a switchable diodic current-voltage characteristic and an associated photovoltaic ef-
fect in BiFeO3 in 2009.87:88 The photovoltaic effect was found to be dependent on the
orientation of the incoming linearly polarized light. However, these measurements us-
ing a capacitor electrode geometry revealed resulting open-circuit voltages below the
corresponding band gap. These foundings triggered a discussion about the mech-
anism of the effect and subsequent reports suggests the BPV effect as a possible
origin.8%% Photoelectrical measurements under white light illumination using two top
electrodes on BiFeO; thin films epitaxially grown on single-crystalline DyScO3; sub-
strates showed open-circuit voltages larger than 15V tunable by the application of
electric fields.® The photovoltaic effect was only observed with electrodes oriented
parallel to the ferroelectric stripe domains. Therefore, the existence of above-band
gap photovoltages was attributed to a new mechanism based on the charge-carrier
separation at each domain wall.®'®2 Open-circuit voltages above band gap were also
observed in single-crystalline BiFeO3; with a sharp tip serving as an efficient collecting
top electrode.®® More detailed temperature-resolved photoelectrical measurements
on BiFeO3//DyScO; thin films under linearly-polarized laser light illumination identi-
fied the BPV effect to be the origin of the photovoltaic effect in BiFeO3.%* This was
further confirmed by tensorial calculations matching the observed orientation depen-
dent photovoltaic measurements®% and the observation of a photovoltaic effect in
monodomain BiFeQ; thin films®. Even though its band gap F, = 2.7eV* is low
compared to other perovskite oxides, it is too high to develop efficient photovoltaic de-
vices for energy conversion purposes.®® The optimum band gap of a single-junction
absorber ranges from 1.0 to 1.5eV.%%1%

The higher the band gap of the absorber, the smaller the usable fraction of the
solar spectrum. Therefore, different engineering strategies to reduce the band gap in
ferroelectric perovskite oxides were employed. For example, a band gap of 1.4 eV was
measured in the ferroelectric solid solution perovskite oxide [KNbO3]g o[BaNi;2Nb1,2,03.5]0.1
(band gap KNbO; of 3.8eV)."%" Regarding BiFeOs as parent material, the substitu-
tion of B-site cation is one possible way to tune the light-absorbing properties without
destroying the ferroelectric character (see details about the origin of ferroelectricity
in BiFeO3 in Section2.2.1). After the successful fabrication of Bi,FeCrOg thin films
and the demonstration of its multiferroic character**, a switchable photovoltaic effect
depending on the ferroelectric polarization direction was demonstrated in 2011.1°2 In
2015, the possibility of tuning the band gap of Bi,FeCrOg thin films by changing the
ionic ordering of the B-site cation was reported.'®® Depending on the process param-
eter during thin film growth, the extent of cationic ordering differs and the band gap
values range from 1.4 to 2.5eV."% This knowledge enabled the realization of a multi-
layer Bi,FeCrOg thin film with efficient light-absorbing properties leading to a solar
conversion efficiency of over 8 % under 1.5AM illumination.'®
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CHAPTER 3

Thin Film Synthesis and
Characterization Methods

3.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) was introduced as a new physical vapor deposition
(PVD) evaporation technique to produce epitaxial thin films in the 1960s." The interest
of using PLD as sample synthesis method revitalized after the successful fabrication
of high-temperature superconducting Y-Ba-Cu-O films in the late 1980s.2 The highly
localized and short heating of the single-source target material using a high-energy
laser pulse in ns-range enables an (near-)stochiometric material transfer in partial
oxygen atmosphere. Because of these specifications, PLD is an established and
versatile technique to produce complex oxide thin films.3

Figure 3.1a shows the PLD system (SURFACE systems+technology GmbH & Co.
KG, Hueckelhoven, Germany) used to fabricate BiFeO3; and Bi,FeCrOg thin film het-
erostructures with optional conductive Lag;Srp3MnO3; or SrRuO; intermediate elec-
trode layer on single-crystalline substrates. The system is equipped with a KrF (248 nm)
excimer laser (COMPexPro 201, Coherent Inc., Santa Clara, USA) and a high-pressure
reflection high energy electron diffraction (RHEED) system. The PLD chamber is
schematically shown in Figure 3.1b. The pulsed laser beam is focused on the ceramic
or single-crystalline target material entering the chamber through an optical window.
The target is mounted on the target carousel, enabling a superimposed rotating and
toggling movement to ensure a uniform target ablation. The carousel can store four
different targets selectable for multi-layer deposition. Each laser pulse with a duration
of approximately 25 ns with a sufficiently high energy fluence heats the target mate-
rial locally and creates a plasma plume as shown in Figure3.1c,d. The plume rises
to a heated single-crystalline substrate mounted on the substrate holder. The high-
vacuum (<10~ mbar) is created by a turbomolecular pump and the background gas
pressure inside the chamber can be adjusted by introducing gases through the gas
inlet (oxygen, argon, nitrogen or a mixture). The introduction of oxygen as reactant
gas to grow complex oxides is mandatory to avoid a high density of oxygen vacancies.
Additionally, the presence of background gas reduces the kinetic energy of the plasma
plume.? After the deposition process, the oxygen content can be further increased to
enable a fast cooling under high oxygen atmosphere and to minimize the occurrence
of oxygen vacancies.
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Figure 3.1: a Picture of the used PLD system. b Schematic of a PLD chamber with main
components. Plasma plume of ¢ BiFeO3 and d BioFeCrOg generated during thin
film growth (photo exposure time 25 s at 2 Hz laser pulse frequency).

The essential growth parameters are the laser energy fluence (0.1 to 10Jcm™),
the pulse frequency (1 to 10Hz), the background gas pressure and composition
(<0.2 mbar), the substrate temperature (<1100 °C), and the substrate-target distance
(~60 mm). Furthermore, the target quality is crucial and can differ with regard to its
purity, density and grain size. Ceramic target materials might exhibit an excess of
volatile components. Table 3.1 summarizes the used PLD growth parameter.

Table 3.1: Typical pulsed laser deposition growth parameter.
BiF903 BizFeCI'Oe Lao_7Sro_3MnO3 STRU03

(BFO) (BFCO) (LSMO) (SRO)
Target supplier + Praxair Inc., Danbury, USA —
Sample-target distance (mm) +— 60 —
O, pressure (mbar) 0.145 0.01 0.2 0.067
Heating rate <500 °C (°C min~') 20 50 a a
Heating rate >500 °C (°C min~") 10 50 a a
Substrate temperature (°C) 725 (625)P 700 650 (600)° 750
Pulse frequency (Hz) 2 2 2 1
Pulse energy (mJ) 135 135 120 105
Energy fluence (mJ cm~2) 1.3 1.3 1.16 1.01
Estimated growth rate (As™) 0.46 0.67 0.71 0.38
Cooling rate >500 °C (°C min~") 20 20 a a
Cooling rate <500 °C (°C min™") 20 5 a a
Cooling O, pressure (mbar) 200 800 a a

a See corresponding BiFeO3 or BioFeCrOg parameter.
b Different temperatures because of new heating and temperature readout system installation.
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3.2 Substrate Selection & Treatment

BiFeO3; and BioFeCrOg films were grown on 500 um-thick single-crystalline SrTiO;
and DyScO; substrates (CrysTec GmbH, Berlin, Germany).

SrTiO; exhibits a cubic crystal structure with a, = b, = ¢ = 3.905A.*5 The ori-
entation of the used polished substrates is (001). inducing a compressive epitaxial
strain to both BiFeO3; and Bi,FeCrOg as schematically shown in Figure 3.2a. Prior
to deposition, the SrTiO3; substrates are treated to achieve a single TiO,-terminated
surface.®’ The substrates were etched in a 1:20 solution of a commercial ammonium
fluoride (AF)/hydrofluoric acid (HF) etch mixture (AF 87.5:12.5 HF (VLSI Selectipur,
Art.: 51151613), BASF SE, Ludwigshafen, Germany) and de-ionized water for 30s.
The etching procedure was followed by an annealing step in ambient air atmosphere
for 3h at 1050 °C.

The crystal structure of DyScO; is orthorhombic with a, = 5.440 A, b, =5.717 A
and ¢, =7.903 A.8° The surface normal of the substrate is along the [110],-direction.
Figure 3.2b demonstrates schematically the four pseudo-cubic BiFeO3 unit cells ac-
commodating at the (110), surface of DyScOs. In this case, two different in-plane
lattice parameter introduce a slightly bi-axial compressive strain to the BiFeO; film
(ape = 3 /a2 +b2 = 3.946A, b,. = 1c, = 3.952A). The DyScO; substrates were
treated for 3h at 1000 °C in ambient air atmosphere. Thermal treatment of DyScO;
(110), substrates without additional wet-etching step has been demonstrated to cre-
ate a single ScO, terminated surface.'°

Both substrate types have a small miscut angle of 0.15-0.2° resulting in the ex-
istence of atomic steps schematically shown in Figure 3.2c and visible in the AFM
topography images of treated SrTiO3; and DyScO; substrates in Figure 3.2d, respec-
tively.

a t b sireco c
BiFeO, / iFe ﬁ \
Bi,FeCrO, SR miscu
> ‘/4- 2 6 - - g
g O / b /
S pc substrate
(100} apc apc 2 aPC \ ) v
8] \QQ\ 0 LV 6% .
a b
= T100],¢ © Co
g ¢ z DyScO;, (110),
c 7 Sy
T100]; ac StTiO, (001), 4 %) & &

Figure 3.2: Epitaxial relation of film growth using aSrTiO3 (001). and bDyScO3; (110),
single-crystalline substrates. ¢ Schematic demonstrating the substrate miscut
angle. d AFM topography image of SrTiO3 (001). (left) and DyScO3 (110), (right)
substrates (miscut angle 0.15-0.2°, both images: 2 x 2 um?).
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3.3 Electrode Structuring and Deposition

Electrodes were deposited on the film surface to enable (photo)electrical measure-
ments. A spin-coating process (4000 RPM, 60 s) of a positive photo-resist layer (AR-
P 3540T, Allresist GmbH, Strausberg, Germany) was followed by a soft-baking step on
a hot plate (100 °C, 60 to 90s). A direct-write photolithography machine (MicroWriter
ML3, Durham Magneto Optics Ltd, UK) equipped with an ultra-violet (UV) light source
was used to expose a programmable pattern to the spin-coated layer (exposure dose
125 to 140 mJ cm~2). After the exposure, the photo-resist layer was preserved using
a developer (AR-300 44, Allresist GmbH).

For planar top electrode pairs (compare Figure 3.3a), a platinum-palladium alloy
(Pt 80:20 Pd) was deposited on top of the structured photo-resist using a conventional
direct current sputtering machine (108auto, Cressington Scientific Instruments Ltd,
Watford, UK). The 120 s-deposition at an argon leackage pressure of 0.1 mbar with
a set current of 40 mA resulted in an electrode thickness of ~60nm. In,O3:Sn was
used as transparent top electrode material, enabling (photo)electrical measurements
in capacitor geometry (compare Figure 3.3b). To enable measurements throughout
the film thickness, a conductive perovskite oxide layer was grown using PLD prior to
the BiFeO3/Bi,FeCrOg thin film deposition. Radio-frequency (RF) sputtering was used
to deposite a 125 nm-thick In,O3:Sn on the sample surface.

An ultra-sonic acetone bath was used to remove the photo-resist layer after the
electrode material deposition.

a ) b

Transparent
Top electrodes top electrodes

._Thin film layer

——Substrate

Intermediate
electrode layer

Figure 3.3: aPlanar top electrode pair enabling in-plane electrical measurements.
b Transparent circular top electrodes enabling measurement throughout film
thickness in capacitor geometry (requires conductive layer between film and in-
sulating substrate).

3.4 Scanning Probe Microscopy

Scanning probe microscopy (SPM) measurements were performed with two different
systems (Asylum Research Cypher ES Environmental AFM, Oxford Instruments, UK
& Park NX10, Park Systems Corp., South Korea). Detailed measurement information
are given in the corresponding experimental sections in Chapter4, 5 and 6.
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SPM techniques are commonly used to investigate the topography and simultane-
ously functional properties of a sample. All techniques are based on a probe-surface
interaction while scanning a certain area line by line. The use of a small probe, usu-
ally a nano-meter sharp tip at the end of a cantilever (spring), enables a high spatial
resolution. Invented in 1981, scanning tunneling microscopy (STM) was the first im-
plemented SPM technique.!” Because of the limitation of STM to conductive samples,
atomic force microscopy (AFM) was developed also enabling the measurement of in-
sulating samples.'®'3 The basic principle of AFM is shown in Figure3.4a. A laser
beam is positioned on the backside of the cantilever reflecting the beam to a photo
diode. The approached probe interacts with the sample’s surface and the interaction
leads to a deflection of the cantilever. The sample is moved continuously along the
fast scanning direction. The position along the slow scanning direction is changed
stepwise to scan areas with dimensions typically in micrometer range. The move-
ment is realized using a piezoactuator-driven stage. During scanning, the cantilever
deflects and this leads to a shift of the laser beam position on the position-sensitive
detector (PSD) diode, which is fed into a feedback loop to adjust the probe height
returning to the initial deflection state. The adjustment, e.g. the voltage applied to
the piezoactuator, can be used to track the height line profile along the fast scan-
ning direction. After finishing one line, the probe shifts to the next line along the slow
scanning direction.

Probe height
adjustment

. —D

actuator Ql

F

Cantilever
with tip

Figure 3.4: a Cantilever with sharp tip is approached to the surface of the sample, which
is mounted on an XY-stage. While scanning the measurement area, the laser
beam is reflected from the backside of the cantilever and any deflection is de-
tected on the photo diode. The photo diode signal is transferred to a feedback
control, which adjusts the probe height. The probe height (which is directly con-
nected to the voltage applied to the piezo-actuator) is used to image the topog-
raphy of the measurement area. b Normal force Fy, lateral force F_ and buckling
force Fg act on the tip while scanning and lead to different kinds of cantilever
deflection.

There are different forces acting on the probe while scanning, as shown in Fig-
ure 3.4b. The force normal to the surface Fy leads to a vertical shift of the laser spot
position on a PSD diode. Depending on the orientation, the two lateral forces can
either lead to a vertical or horizontal shift. The lateral force acting perpendicular to
the cantilever Fr induces a torsion and the laser beam shifts horizontally on the photo
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diode. The force Fz is oriented parallel to the cantilever and induces a buckling of the
cantilever, resulting in a vertical shift, that interferes with the shift caused by Fy.

The normal force acting on the tip Fy can be qualitatively estimated using the
Lennard-Jones potential V;, 5 as a function of the probe-sample distance r:'4

Van-der-Waals attraction

B dVLN<7") . o o\ 12 o\ 6
FN = T with VLN(T) = 4e (;) — 4e <;> (31)

Pauli repulsion

whereas o and ~ are material-specific coefficients. V7 y is the sum of the short
range Pauli repulsion and the long-range Van-der-Waals attraction.

AFM measurements can be performed using three different modes, namely non-
contact, tapping and contact mode (compare Figure 3.5). The non-contact mode op-
erates in the regime of strong attractive interaction. Without contacting the surface,
the cantilever vibrates close to its resonance frequency with an amplitude of a few
nanometers. Any change of the probe-sample distance changes the resonance fre-
quency and oscillation amplitude. Either one can be used as feedback loop control
parameter to readjust the probe height. While using non-contact operation mode,
there is no tip degradation or sample damage. However, this mode is sensitive to ab-
sorbates on the sample surface. Consequently, high resolution measurements need a
high-vacuum environment. AFM measurements in tapping mode overcome this draw-
back. The mode is similar to the non-contact mode, however, the height of the oscillat-
ing probe is further reduced, so that the tip is partially contacting the sample surface.
The operation in both regimes (attractive and repulsive forces) enables a better depth
resolution while limiting the tip degradation due to a short probe-sample contact time.
In contrast to the non-contact and tapping mode, the probe is not oscillating in the
contact mode. The probe height is only in the regime of repulsive interaction and the
tip is dragging the sample surface. While scanning, the cantilever bends, leading to a
deflected laser beam position on the photo diode. This shift on the diode is used to
readjust the probe height while keeping the applied force constant. With increasing
magnitude of the applied force, both tip degradation and sample damage increase.
However, for several functional AFM measurements (PFM, C-AFM), it is required to
have a continuous probe-sample contact.

- - -Pauli repulsion
== |_ennard-Jones potential
— =Van-der-Waals attraction

Potential V

e Contact mode
: / @ Tapping mode
[ === Non-contact mode

o
o {20 Distance r

Figure 3.5: Lennard-Jones potential Vx(r) (solid line) as a sum of attractive Van-der-
Waals (dashed line) and repulsive Pauli (dotted line) interactions. Highlighted
regimes in which contact (blue), tapping (grey) and non-contact (red) modes are
operating.
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3.4.1 Piezo-response Force Microscopy

Piezo-response force microscopy (PFM) is an AFM extension developed to locally
manipulate and characterize ferroelectric samples.’ The measurement principle is
based on the converse piezoelectric effect, existing in all ferroelectrics (compare Sec-
tion2.1.1). The technique is used to extract information about the present domain con-
figuration and local ferroelectric properties. The PFM working principle is schemat-
ically shown in Figure3.6. A function generator applies an AC voltage V,. with a
frequency f,. ranging from kHz to MHz from the approached conductive tip through
the sample to a conductive bottom plate. The applied voltage provokes an alternating
contraction and expansion of the piezoelectric material. A lock-in amplifier fixed to f,.
subtracts this vibration (usually in pm-range) from the overall response of the PSD
diode.

In Figure 3.6b-e, the situation during a PFM measurement of a sample with two
domains of opposed polarization direction is demonstrated. If the electric field is par-
allel (Figure 3.6b,e) or antiparallel (Figure 3.6¢,d) to the polarization, there will be an
expansion or contraction, respectively. The time-dependent responses are shown in
Figure 3.6f. The amplitude of the vibration is the same for both domains. However,
whereas the response of the domain with upward polarization is in phase, the re-
sponse of the downward-polarized domain is shifted with regard to V,.. This phase
shift is extracted and used to determine and visualize the differently oriented domains.
Phase shift and amplitude of the piezo-response as a function of the tip position x are
shown in Figure 3.6g. Within the domain wall, the interface between the two domains,
the phase shift rises from 0°to 180°. The amplitude drops within the domain wall and
recovers back to the same value.
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Figure 3.6: a PFM measurements require a function generator and lock-in amplifier in ad-
dition to the AFM setup. The working principle, based on the converse piezo-
electric effect, is demonstrated with a simple two-domain structure (polarization
up (yellow) and down (brown)). Electric fields pointing parallel to polarization
provokes an expansion (b, e), antiparallel a contraction (c, d). fBecause of the
alternating orientation of the electric field (applied by the function generator),
a vibration is provoked, whereas the vibration of the up-polarized and down-
polarized domain is in-phase and phase-shifted, respectively. gDuring PFM
measurements, the lock-in amplifier extracts both amplitude and phase of the
piezo-response from the overall signal.
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The scenario shown above only involves polarization pointing normal (vertical)
to the sample’s surface. Therefore, the visualization of the domains is realized us-
ing vertical piezo-response force microscopy (VPFM) in which the lock-in amplifier
subtracts the response from the vertical photo diode signal (A+B)-(C+D). In typical
BiFeO3 (BFO) and Bi>FeCrOg (BFCO) thin films, there is an in-plane polarization com-
ponent as well. In addition to VPFM, lateral piezo-response force microscopy (LPFM)
measurements are needed to complete the information about the present domain
configuration. In this scenario, the piezoresponse is substracted from the lateral photo
diode shift (A+C)-(B+D). VPFM and LPFM measurements can be performed simulta-
neously using two separate lock-in amplifiers.

AFM, VPFM and LPFM images of a BiFeO3(200 nm)//DyScOs film simultaneously
acquired in one scan are shown in Figure3.7. The out-of-plane polarization com-
ponent is uniformly down-polarized (compare Figure3.7b). The LPFM phase and
amplitude (Figure 3.7c,d) reveal a striped domain arrangement. The corresponding
line scans in Figure 3.7e show that the phase changes clearly from one to the other
stripe domain and the amplitude drops at domain walls (as described in Figure 3.69).
As demonstrated in Figure 3.71, it is not possible to clearly identify the present domain
variants. The result of the LPFM measurement depends on the orientation of the
cantilever with respect to the polarization vector. Therefore, several LPFM measure-
ments are needed to resolve the in-plane domain configuration, whereas the VPFM
measurements are independent from the cantilever orientation.

T Ty eg NN m Tl P
gt U e il
il WW il
_ k Position (um) "
fe -
P; [l >

P; \Nﬁ

Figure 3.7: a Topography (RMS roughness ~ 0.20nm), b VPFM phase, LPFM ¢ phase
and d amplitude images of a 200 nm thick BiFeO3; on DyScOs. All images:
10 x 10pm?, V. = 3V. e Schematic representation of distinguishable domain
variants in used LPFM scanning configuration. f Line scan of LPFM phase and
amplitude image, respectively.
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The PFM mode can also be used to test the switchable character of the fer-
roelectric polarization. The results of a stationary spectroscopy measurement of
a BiFeO3(200 nm)/Lag 7Sro3MnO3//DyScO3; sample are shown in Figure3.8a. The
VPFM phase as a function of the bias voltage (top) clearly mimics the hysteretic be-
havior of the polarization (compare Figure2.1a). At +10V and -10V, the phase satu-
rates indicating a complete reversal of the ferroelectric polarization. The VPFM ampli-
tude as a function of the bias voltage (bottom) reveals a ferroelectric-characteristical
"butterfly" loop.

The possibility of local modulation of the ferroelectric domain structure in PFM is
demonstrated in Figure 3.8b-d. As indicated in the AFM topography image, an op-
posed bias voltages while scanning were applied to the area. The application of a
-10V pre-poling voltage created a uniform up-polarization and a subsequent +10V
voltage were applied to write the letters "ZIK’ into the area. In doing so new domains
and domain walls were created as demonstrated in VPFM phase and amplitude im-
ages (Figure 3.8c,d), respectively.

a /-

Phase (arb. unit)

Amplitude (arb. unit)

-10 Bias voltage (V)

Figure 3.8: a VPFM phase (top) and amplitude (bottom) as a function of the applied (DC)
bias voltage (V,. = 3V). b AFM topography image (RMS roughness 1.81 nm)
with indication of manipulated areas (ZIK: +10V, square: -10V). VPFM ¢ phase
and d amplitude images after applying different bias voltages locally. All images:
10 x 10 um?, V. = 3 V.

3.4.2 Conductive Atomic Force Microscopy

Conductive atomic force microscopy (C-AFM) is another AFM extension mode intro-
duced to probe the local electrical resistance.'® Analogous to PFM, C-AFM requires a
conductive tip and scanning in contact mode. Contrary to PFM, two separate detec-
tion systems are used to obtain information of both the topography and the electrical
resistance simultaneously. In addition to the the laser-PSD-diode topography detec-
tion system, a current amplifier connected to the tip is tracking the current flow under
an applied bias supplied from a voltage source. The used SPM system (Asylum Re-
search Cypher ES Environmental AFM, Oxford Instruments, UK) is equipped with
dual-gain optimized resistance conductance amplifier (ORCA). The C-AFM images
shown in Section 6.2 are recorded with the high gain stage with a detectable current
range of =10 nA and a typical noise amplitude of 3 pA.
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3.5 X-ray Diffraction Analysis

Diffraction occurs when electromagnetic radiation of suitable wavelength A interacts
with periodic structures. In case of crystal structures with interatomic distances d of
several angstroms (1 A=0.1 nm), X-ray radiation with wavelengths ranging from sev-
eral picometers to several nanometers is needed. The periodic arrangement of atoms
acts as a three-dimensional diffraction grid. The analysis of resulting X-ray diffrac-
tion (XRD) patterns is widely used to characterize crystal structures. Depending on
the orientation of the X-ray beam with respect to the crystal, destructive and con-
structive interference of light waves occur. Different X-ray intensities, depending on
the orientation towards the atomic planes and their plane distance, can be detected.
Bragg’s law was postulated to describe the necessary condition for constructive inter-
ference:

nA = 2dsin @ n € N. (3.2)

For specific incidence angles of the X-ray beam with respect to sample 6, Bragg’s
law (compare Figure 3.9a) is fulfilled and a diffraction peak appears. Waves reflected
from two subsequent atomic planes will interfere constructively, if the path difference
(2dsin 0) is equal to an integral multiple of the X-ray’s wavelength.

Symmetric 26 /w scans are commonly used to prove the epitaxial relation between
single-crystalline substrate and thin film. Figure 3.9b shows the schematic setup of
XRD 260 /w measurements. The sample can be adjusted with three different rotational
axis (¢, ¥, w). ¢ and 1 are used to justify the sample along a crystallographic axis of
the substrate, w is used to tilt the sample and therefore to change the incidence angle
of the X-ray beam during the measurement. For a change of the sample tilt Aw, the
rotational position of the detector has to be moved by 2Aw = 20. Depending on the
inter-atomic distances of planes parallel to the sample’s surface, Bragg’s law will be
fulfilled during the scan and resulting in an intensity peak measured by the detector.

detector

sample

]

Figure 3.9: a Schematic demonstrating Bragg’s law leading to constructive interference
of two X-ray waves scattered at a crystal with periodic arranged atoms.
b Schematic of X-ray diffraction measurement in 26 /w scan.

Whereas 26/w scans can only provide information about the out-of-plane lattice
spacing, additional information can be obtained by reciprocal space mapping/maps
(RSM) measurements. RSM measurements allow to gain information about the in-
plane lattice parameter and therefore about epitaxial relation between film and sub-
strate or about the existence of different (ferroelastic) domain variants. By recording
several asymmetric 26/w scans with an offset angle « =6 — w, a Bragg plane that is
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different to the plane parallel to the surface, can be selected. A high-resolution X-ray
diffractometer (D8 Discover, Bruker Corporation, Billerica, USA) was used to acquire
XRD data.

3.6 Photoelectrical Measurements

The BPV effect depends on the light polarization state (compare Section2.3). The
experimental setup shown in Figure 3.10a enables the adjustment of the laser beam
light to any polarization state. The elliptical light polarization can be described by the
ellipticity ratio e (also know as polarization extinction ratio):

[major
€= —[minor (3.3)

I'nmajor @nd Ipiner are the light intensity along major and minor axis of the ellipse,
respectively. There are two special cases of elliptical light polarization. ldeally, € be-
comes infinite for purely linearly-polarized light, whereas it is e =1 for purely circularly-
polarized light or unpolarized light.

The illumination source is a diode laser (Cobolt 06-MLD, Cobolt AB, Solna, Swe-
den; A=405nm, P <120 mW, d=700 um, ¢=200). The following Glan-Thomponson
polarizer (GTH10M-A, Thorlabs Inc., New Jersey, USA) significantly increases the el-
lipticity ratio to e=1 x 10°). An arbitrary light polarization state for a broad wavelength
range can be set by a Berek variable wave plate (also known as Berek compensator)'’
(5540M, Newport Corporation, Irvine, USA). The wave plate consists out of a single
birefringent MgF, plate (ordinary and extraordinary refractive index n, and n.) with
the extraordinary axis normal to the plate. Therefore, there is no retardation of light
with normal incidence and the polarization state is not changing while passing the
compensator (compare Figure 3.10b left). The ordinary and extraordinary ray experi-
ence the refractive index n,. When increasing the tilt angle 6z with respect to the light
beam direction, the effective refractive index of the extraordinary beam n,, changes
(compare Figure 3.10bright):”

1 _ \/C082 Or N sin? HR. (3.4)

2 2
n ng ng

/

An accurate rotation stage (red arrow in Figure 3.10a) enables a precise adjust-
ment of the plate tilting and a continuous change of the retardation of the incoming
light, thus the outcoming light polarization. A second rotation stage (green arrow in
Figure 3.10a) enables to reorient the orientation of the birefringence fast axis.

A rotatable half-wave plate (WPH10M-405, Thorlabs Inc.) enables the subsequent
reorientation of the light polarization ellipse (blue arrow in Figure 3.10a). To verify
the outcoming light polarization, a second Glan-Thompson polarizer and a Si-based
photo detector can be added to the setup. The ellipticity ratio € as a function of the
Berek compensator tilt 6 is shown in Figure 3.10c. The polarization changes from
linear (e~300 for fr < 1.1°) to circular (e~ 1 for fr~5.2°). Elliptical polarization exists
for intermediate tilts (1.1° < 6z < 5.2°). Depending on the orientation of the Berek
compensator’s fast axis, the chirality of the elliptical and circular light polarization is
right-handed (red) or left-handed (blue).
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The sample is mounted on an XY-stage with micrometer screws enabling the posi-
tioning of the laser beam spot with respect to the electrodes. The electrical connection
is realized with two sharp probing tips. These are connected to a source measure
unit (SMU) device (6517B electrometer or 2450 sourcemeter, Keithley Instruments
Corporation, Solon, USA).

Measurements under 1.5AM illumination were performed using a separate setup
without the optical components shown in Figure 3.10a,b. A diode-based solar simula-
tor (SINUS-70, WAVELABS Solar Metrology Systems GmbH, Leipzig, Germany) with
a calibrated spectrum was used as the illumination source.

Diode laser
Linear
ER ~200

Glan-Thompson
polarizer

Linear

ER ~100,000 c
: ' J majo;
Berek variable
wave plate
Linear / Elliptical / Circular 100
ER 300-1
Half-wave =
plate w 104

Rotation of

=@=Right-handed polarized
(Berek orientation +45°)

+QO-- Left-handed polarized
(Berek orientation -45°)

light polarization
ER 300-1

XY-stage

Figure 3.10: a Experimental setup for bulk photovoltaic measurements with a diode laser, a
Glan-Thompson polarizer, a Berek variable wave plate and a half-wave plate.
The sample is mounted on a XY-stage and two probes are used to contact
the electrodes to the SMU device. b Untilted and tilted Berek compensator'’
c Ellipticity ratio ¢ as a function of the Berek compensator tilt angle or mea-
sured by replacing the sample with a second Glan-Thompson polarizer and
Si-based photo detector.
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CHAPTER 4

Domain and Switching Control of the
Bulk Photovoltaic Effect in Epitaxial
BiFeO3 Thin Films

The non-centrosymmetric crystal structure is the underlying origin of ferroelectricity
and the BPV effect. Consequently, both physical quantities are inextricably linked.
The first aim of the initial part of this thesis was to explore the intrinsic link between fer-
roelectricity and the BPV effect; more precisely, the linear BPV effect (compare Sec-
tion2.3). For this, systematic light-polarization-dependent photoelectrical measure-
ments of BiFeOs thin films with unordered and ordered ferroelectric domain structure
were performed. Another logical consequence of this link is the simultaneous mod-
ulation of both the ferroelectric polarization and the BPV effect under high electrical
fields. Therefore, the second aim was the demonstration of the continuous electric-
field adjustability of both quantities and characterize the switching behavior.

PUBLISHED AS:

Knoche, David S., Yun, Y., Ramakrishnegowda, N., Mihlenbein, L., Li, X. &
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Epitaxial BiFeO3 Thin Films”. Scientific Reports 9, 13979 (2019)
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ToC Figure 4.0: Schematic demonstration of the adjustability of the bulk pho-
tovoltaic effect: Short-circuit current I, as a function of linear light polarization
orientation angle 6 undergoes a offsetting and phase shifting (left) while the fer-
roelectric polarization Py is rotated as high electric fields are applied (right).
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Absence of inversion symmetry is the underlying origin of ferroelectricity, piezoelectricity, and the
bulk photovoltaic (BPV) effect, as a result of which they are inextricably linked. However, till now, only
the piezoelectric effects (inverse) have been commonly utilized for probing ferroelectric characteristics
such as domain arrangements and resultant polarization orientation. The bulk photovoltaic effect,
despite sharing same relation with the symmetry as piezoelectricity, has been mostly perceived as

an outcome of ferroelectricity and not as a possible analytical method. In this work, we investigate
the development of BPV characteristics, i.e. amplitude and angular dependency of short-circuit
current, as the ferroelastic domain arrangement is varied by applying electric fields in planar devices
of BiFeO; films. A rather sensitive co-dependency was observed from measurements on sample with
ordered and disordered domain arrangements. Analysis of the photovoltaic response manifested in

a mathematical model to estimate the proportion of switched and un-switched regions. The results
unravel the potential utility of BPV effect to trace the orientation of the polarization vectors (direction
and amplitude) in areas much larger than that can be accommodated in probe-based techniques.

The observation of the photovoltaic (PV) effect in BiFeO; (BFO) has revitalized interests in the field of
photo-ferroics, i.e. in the interplay between ferroic orders and photo-electronic characteristics. The possibility to
tune one by the other has laid the platform to conceptualize novel opto-electronic devices. Several investigations
have considered the role of depolarization field and band bending at the electrode-film interface in separating the
charge carriers for the resultant PV effect'™. As a consequence, the PV effect in BFO has been demonstrated to
be affected by the state of ferroelectric polarization*-°. This aspect has been conversely utilized to read the change
in the state of polarization, i.e. up to down or vice versa’. However, for certain applications, mere knowledge
about the sign of polarization is not sufficient, and information about the orientation is equally desired. This is
particularly true for planar devices wherein the electric fields are applied in-plane. For instance, functioning of
BFO-based magneto-electric devices largely depends upon the canted magnetic moment that is associated with
the in-plane projection of the polarization®. Stripe-patterned ferroelastic domains separated by 71° domain walls
in BFO films, with a large in-plane polarization component, have been successfully utilized to align the magnetic
easy axis of the ferromagnetic top layer”!. Recent discovery pertaining to electric field control of sykrmions in
bi-layered heterostructures will motivate further research in such devices'!. In all of these scenarios, knowledge
about the in-plane polarization in terms of magnitude and orientation is necessary. Scanning probe techniques
are typically used for this purpose, albeit with measurable areas limited to few tens of micrometers. Lately, second
harmonic generation (SHG) has been also explored to detect the orientation of the in-plane polarization com-
ponent'% Here, the absence of inversion symmetry in ferroelectric materials causes the impinging light waves
to undergo frequency doubling. The emitted light wave can then be resolved to extract information about the
polarization state, and distinguish between ordered and disordered domain configurations'>">.

Interestingly, another consequence of the absence of inversion symmetry is the generation of shift photocur-
rents under appropriate illumination'®. The resultant photovoltaic effect is referred to as bulk photovoltaic (BPV)
effect, and exhibits anomalous characteristics such as open-circuit voltages (V) that can well exceed the band
gap of the material". The photoresponse can be represented in the form of a tensor, which is analogous to the
piezoelectric tensor and derived from the crystal symmetry. One of the critical consequences is the dependency of
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Absence of inversion symmetry is the underlying origin of ferroelectricity, piezoelectricity, and the
bulk photovoltaic (BPV) effect, as a result of which they are inextricably linked. However, till now, only
the piezoelectric effects (inverse) have been commonly utilized for probing ferroelectric characteristics
such as domain arrangements and resultant polarization orientation. The bulk photovoltaic effect,
despite sharing same relation with the symmetry as piezoelectricity, has been mostly perceived as

an outcome of ferroelectricity and not as a possible analytical method. In this work, we investigate

the development of BPV characteristics, i.e. amplitude and angular dependency of short-circuit
current, as the ferroelastic domain arrangement is varied by applying electric fields in planar devices
of BiFeO; films. A rather sensitive co-dependency was observed from measurements on sample with
ordered and disordered domain arrangements. Analysis of the photovoltaic response manifested in

a mathematical model to estimate the proportion of switched and un-switched regions. The results
unravel the potential utility of BPV effect to trace the orientation of the polarization vectors (direction
and amplitude) in areas much larger than that can be accommodated in probe-based techniques.

The observation of the photovoltaic (PV) effect in BiFeO; (BFO) has revitalized interests in the field of
photo-ferroics, i.e. in the interplay between ferroic orders and photo-electronic characteristics. The possibility to
tune one by the other has laid the platform to conceptualize novel opto-electronic devices. Several investigations
have considered the role of depolarization field and band bending at the electrode-film interface in separating the
charge carriers for the resultant PV effect'. As a consequence, the PV effect in BFO has been demonstrated to
be affected by the state of ferroelectric polarization*®. This aspect has been conversely utilized to read the change
in the state of polarization, i.e. up to down or vice versa’. However, for certain applications, mere knowledge
about the sign of polarization is not sufficient, and information about the orientation is equally desired. This is
particularly true for planar devices wherein the electric fields are applied in-plane. For instance, functioning of
BFO-based magneto-electric devices largely depends upon the canted magnetic moment that is associated with
the in-plane projection of the polarization®. Stripe-patterned ferroelastic domains separated by 71° domain walls
in BFO films, with a large in-plane polarization component, have been successfully utilized to align the magnetic
easy axis of the ferromagnetic top layer”!?. Recent discovery pertaining to electric field control of sykrmions in
bi-layered heterostructures will motivate further research in such devices'!. In all of these scenarios, knowledge
about the in-plane polarization in terms of magnitude and orientation is necessary. Scanning probe techniques
are typically used for this purpose, albeit with measurable areas limited to few tens of micrometers. Lately, second
harmonic generation (SHG) has been also explored to detect the orientation of the in-plane polarization com-
ponent'?. Here, the absence of inversion symmetry in ferroelectric materials causes the impinging light waves
to undergo frequency doubling. The emitted light wave can then be resolved to extract information about the
polarization state, and distinguish between ordered and disordered domain configurations'*">.

Interestingly, another consequence of the absence of inversion symmetry is the generation of shift photocur-
rents under appropriate illumination'*. The resultant photovoltaic effect is referred to as bulk photovoltaic (BPV)
effect, and exhibits anomalous characteristics such as open-circuit voltages (V,,) that can well exceed the band
gap of the material'®. The photoresponse can be represented in the form of a tensor, which is analogous to the
piezoelectric tensor and derived from the crystal symmetry. One of the critical consequences is the dependency of
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Figure 1. (a) Schematic setup of the measurements on BFO/STO: Orientation of linearly polarized laser light
(green) is rotated by a half-wave plate by the angle 6 (red). The beam spot is placed in between the electrodes,
which are running along [010] .. LPFM phase image (PFM probe along [010],,, 10 X 10 um?) of (b) the initial
state, (c) after applying negative and (d) after applying positive electric fields, respectively. Red arrows indicate
the direction of P,,. (e) . as a function of 6 for the state shown in (b-d). Solid lines depict the fit of the data
points with Eq. (1). (f) Values of A, B and ¢ extracted from fitting.

the PV current on the orientation of the linearly polarized light with respect to the measurement gap, and on BPV
tensor coefficients 3. In the case of single domain samples, and measurement along the polar axis, sinusoidal and
cosinusoidal dependencies have been observed with a single tensor coefficient (3,,) acting as a proportionality
constant’®. However, in the case of samples with poly-domain configurations, the resultant response can have
contributions from multiple tensor coeflicients. Mathematically it has been shown that the arrangement of polar-
ization vectors of different domains results in such non-trivial solutions'”. Therefore, it can be perceived that any
change in the domain arrangement and net polarization will directly impact the BPV response. Conversely, the
BPV effect can be also used to determine the domain arrangement and the effective state of polarization.

Till now, the BPV effect has been mostly studied in relation to single domain states with emphasis only on the
observation rather than manipulation. In this work, we analyze the evolution of the BPV effect as the domains
are switched upon the application of electric fields. The defining characteristics of the short-circuit current (I,,),
viz. magnitude and angular dependence, were found to be surprisingly sensitive to the rotation of the in-plane
net polarization (P,,,). Our analysis henceforth unravels the potential utility of the BPV effect in determining
the orientation of P, in areas of size that are not typically measurable with probe-based methods. We use planar
top electrodes separated by a gap, which allows to observe the domain configuration using piezoresponse force
microscopy (PFM) and to measure the corresponding BPV characteristics. Experiments were conducted with
disordered and ordered domain arrangements.

Results

BFO films with a thickness of ~220 nm were deposited on (001) oriented SrTiO; (STO) and (110) oriented
DyScO; (DSO) substrates using pulsed laser deposition. The respective samples will be referred to as BFO/STO
and BFO/DSO. The resultant topography of the samples and the corresponding X-ray diffraction 26/w-scans
prove the epitaxial relation between the film and substrate. The details are provided in Supplementary Fig. S1.
Planar electrodes, with a length of 950 um and separated by approximately 40 um, were fabricated on the surface
of the samples. The setup of the photoelectrical (PE) and PFM measurements is shown schematically in Fig. 1a.
PE measurements were performed at room temperature with a diode laser of wavelength 405nm (3.05eV) as the
illumination. The orientation of the linearly polarized light was rotated using a half-wave plate. The angle 6 repre-
sents the orientation of electric field plane of the light with respect to the [010], direction. The short-circuit
current I can be represented with the following equations!”:
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The equations have been derived for BFO films with an ordered array of domains that are separated by 71°
domain walls. To simplify the equations, we have replaced the associated constants, namely, BPV coefficients j;,
light intensity E and the cross-sectional area A, with condensed notations B, C and D. Angles ¢ and x have been
added in Eqs (1) and (2), respectively, to incorporate any tilt of P, with respect to the electrodes. In addition, A
has been included as an offset in Eq. (1), and bears no physical relevance.

Due to the in-plane compressive strain and homogeneous TiO, termination of the STO substrate, only four
out of the eight possible domain variants are present that are uniformly aligned along the out-of-plane direc-
tion'®2° and the out-of-plane component of the polarization does not change throughout our experiments.
Therefore, only the lateral PEM (LPFM) phase images will be henceforth presented. Figure 1b shows the disor-
dered domain arrangement in the initial state of the BFO/STO sample wherein the ratio of dark to bright regions
is ~55:45. An additional LPFM phase image was acquired with the cantilever aligned along the [100],,. direction
and is shown in Supplementary Fig. S2. The dark-to-bright ratio is around ~65:35. It can be inferred from these
images that P, is tilted within the electrode gap, as indicated by the red arrow in Fig. 1b. The subsequent PE
measurement (Fig. le, black) resulted in an I, and V,, that varies as the electric field plane of the light is rotated
by an angle 6 (V,, values of the investigated samples can be found in Supplementary Fig. S3). This proves the
dominance of the BPV effect in these samples. The variations in I, are in good agreement with Eq. (1) which
describes the PV current when P, is parallel to the electrodes. The measured values of the current were analyzed
with Eq. (1) and the respective coefficients extracted from the fitting are summarized in Fig. 1f. The values of p, A
and B are 35° 23 pA and 89.9 pA, respectively. The non-zero value of coefficient A and the substantial value of ¢
suggest a tilt of P,,, with respect to the electrodes, as was also inferred from the PFM analysis. In the next step,
electric fields were applied across the electrodes to rearrange the domain configuration and associated P,,,,.
Negative fields were applied and PFM scans were acquired from the same area as in Fig. 1b. The LPFM phase
image (Fig. 1¢c) clearly depicts an evident reduction of the dark-to-bright ratio which confirms the tendency of P,,,,
to align with the direction of the electric field. The subsequent PE measurement reveals a shift of I, (f) along the
y- and x-axis (Fig. le, red). The coefficients A and ¢ undergo a change in their respective signs, while B attains a
higher value. An increment in B is related to an overall higher magnitude of P,,, which is manifested by a higher
ordering of the domains after the switching process. On the other hand, ¢ approaches 90° in conjunction with a
higher value of A. Therefore, the PV response seems more alike the relation given in Eq. (2), which is valid when
P, is perpendicular to the electrodes. Thereafter, positive electric fields were applied and the rearranged domain
configuration from the same area is shown in Fig. 1d. Apparently, the dark-to-bright ratio exceeds the value of the
initial state. The analysis of the PV response with Eq. (1) results in a similar value of B suggesting a nearly
unchanged magnitude of P,,,,. Coefficients ¢ and A undergo a change of sign which largely emulates a flip of P,,,,
to align along the direction of the electric field, although the magnitudes slightly differ. A possible reason for the
difference could be a non-uniform switching arising from inhomogeneous electric fields close to the edges of the
surficial top electrodes®! and the large size of the gap. From these observations it can be proposed that the analysis
of the BPV response with Eqs (1) and (2) present an efficient framework to determine the orientation of the polar-
ization. The extracted coeflicients contain information about the orientation and magnitude of P,,,,. Also, note-
worthy to mention is the size of the gap under consideration, 40 x 950 um?, which is much larger than the areas
typically measurable in a single image scan of a probe-based technique such as PFM. However, to gain further
insight into the intricate correlations, it is imperative to study the PV response from samples which have a
long-range ordering of domains with a known direction of P,,,.

For this purpose, BFO films grown on DSO substrates, exhibiting 71° domain walls and P, pointing along the
[010],-direction, were used. Prior investigations were performed to determine the direction of the polarization,
and electrodes were aligned perpendicular (PPP configuration) and parallel (PPL configuration) to P,,,. Figure 2a
schematically depicts the PE and PFM measurement in the PPP configuration. Figure 2b is a representative LPFM
image acquired from in between the gap with the PEM probe aligned along [100],,.. The uniform color confirms
the direction of P,,, perpendicular to the electrodes. The typical stripe-like pattern associated with the 71° domain
walls was also imaged but with the probe aligned along [010],., and will be discussed later. The PE measurement
from the initial state demonstrates a rather excellent agreement between the I .. and Eq. (2) (Fig. 2f,g), with the
angular offset y bearing a minimal value of 2°.

Thereafter, the gap was switched to an intermediate state to have a nearly equal proportion of areas with oppo-
sitely aligned P,,, as shown in Fig. 2c. Additional LPFM images revealing the presence of a global domain wall
between switched and unswitched regions are shown in Supplementary Fig. S4. The resultant PV response loses
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Figure 2. (a) Schematic setup of the measurements in the PPP configuration (P,,, perpendicular to electrodes)
on BFO/DSO. LPFM phase image (PFM probe along [100],,, 30 x 30 um?) (b) of the initial state, (c) of
intermediate state (negative electric fields applied), (d) after applying higher negative and (e) after applying
positive electric fields, respectively. Red arrows indicate the direction of P,,,,. (f) I, as a function of 6 for the state
shown in (b-e). Solid lines depict the fit of the data points with Eq. (2). (g) Values of C, D and yx extracted from
fitting.

the cosinusoidal §-dependency and a steady I, of around 160 pA was measured. The comparison with Eq. (2)
suggests an apparent drop in the value of D, which comprises of 3,, and ;5. The measured I, can then be attrib-
uted primarily to the §-independent quantity C which has additional contributions from 35, and [s;.
Subsequently, higher electric fields were applied with the objective to completely switch the gap, and the LPFM
phase image in Fig. 2d confirms this scenario. The corresponding PV response regains the cosinusoidal depend-
ency on 6 with coefficients C and D bearing high values, and y assuming a value of 180° implying a complete
inversion of P,,. The variation in the values of D (i.e. 535 pA in the initial state — zero in the intermediate state —
—457 pA after first switching) clearly mimics the magnitude of P,,. To further confirm this, electric fields were
applied to switch the gap back to the initial state (Fig. 2e). As expected, a nearly identical value of D was obtained.
The relevance of C is also worthy to be mentioned. The sign of C clearly follows the direction P, but the value
seems to have a correlation with the domain width (size of domain in the [010],,-direction) which was observed
to be significantly larger as new domains were formed (see Supplementary Fig. S5). Thus it can be concluded that
the switching process in the PPP configuration does not involve any substantial rotation of P,,,,. The antiparallel
and parallel alignment of the electric field with respect to P, only leads to a lowering and subsequent gain of the
magnitude of P,,,.

For the next set of experiments, the PPL configuration (Fig. 3a) was used, which apparently also allowed us to
observe and investigate the rotation of P,,,,. The initial state of the gap was confirmed to have P, aligned parallel
to the electrodes with the imaging of long stripe like patterned domains along [100],,. (Fig. 3b). As a result, the PV
response was found to be in good agreement with Eq. (1) with minimal values of coefficient A and angle ¢ of
around 11 pA and 5°, respectively. Upon the application of a moderate electric field, the P, in some regions aligns
along the electric field, while in other regions remains unchanged (Fig. 3¢). Therefore, the gap adopts an interme-
diate state with P, tilted by an angle of ~45°. Precisely this scenario is also visible in the PV response wherein the
angle  assumes a value of 48.1°. As higher fields are applied, the gap uniformly switches (Fig. 3d) and the PV
response changes from sinusoidal to cosinusoidal shape. This change is related to an orthogonal rotation of P,
and is illustrated by the change of ¢ to 82.6° and A assuming a non-negligible value of —289 pA. Applying electric
fields of opposite polarity confirms this (Fig. 3e), and likewise the PPP case, a PV response with similar values of
A and B is observed with o = 89.7°. It is evident from these measurements, that the electric field forces P,,, to
re-orient stepwise from the parallel to a perpendicular configuration. This situation can be effectively modeled by
combining Eqs (1) and (2). The resultant equation is of the type:
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Figure 3. (a) Schematic setup of the measurements in the PPL configuration (P,,, parallel to electrodes) on
BFO/DSO. LPFM phase image (PFM probe along [100],,) (b) of the initial state, (c) of intermediate state
(negative electric fields applied), (d) after applying higher negative and (e) after applying positive electric fields,
respectively. Red arrows indicate the direction of P,,,,. (f) I, as a function of 6 for the state shown in (b-e). Solid
lines depict the fit of the data points with Eq. (1). (g) Values of A, B and ¢ extracted from fitting.
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Figure 4. (a) I, as a function of 0 in the initial state (black), in the intermediate state (purple, orange, green)
and after applying the highest (positive) electric field (red). Data points correspond to the PE measurements at
certain angles @ fitted with Eq. (3) (solid lines). Parameter x represents the extent of switching. (b) The extent of
switching x plotted as a function of the angle ¢ (acquired from fitting measured values with Eq. (1)) for the
initial state, several intermediate states, and the state after the first switching. The fit emphasizes the possibility
to use  as a probing parameter to measure the extent of switching and thus the tilt of P, (Derivation of fitting
function can be found in the Supplementary Information).

L0, x) = (1 — x) - [Ag + Bysin(20 + ¢g)] + x - [C; + Dycos(20 + x))] (3)

wherein x and (1 — x) represent the fraction of area with changed and unchanged orientation of P,,, respectively.
To investigate the validity of this relation, first, a series of PE measurements were conducted to acquire PV
responses from differently switched states of the gap. The values of the coefficients Ay, By, ¢, and C;, D, x, were
determined from the initial (PPL) and final (PPP) state, respectively. Thereafter, all the responses were analyzed
with Eq. (3), by keeping the coefficients fixed and allowing the variation of only x. All of the acquired PV responses
are in excellent agreement with Eq. (3) as visible in Fig. 4a, which also allows to extract information about the
proportion of the switched area x. In addition, the intermediate switched states were analyzed with Eq. (1)
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to acquire the different values of angle . The plot between x and ¢ is shown in Fig. 4b and demonstrates the sen-
sitivity of the BPV response to smallest changes in the orientation of P,,,. Hence we can propose that the angle ¢
can be effectively utilized as a probing parameter for P,,,. Assuming an ideal alignment of P,, in the initial state,
the angle ¢ can vary from 0° to £90° irrespective of the PV current magnitudes. The sign associated with ¢ explic-
itly is related to the direction of P,,, in reference to the electrodes, while the absolute value indicates the extent of
the switching and the connected tilt angle of P,,,,. This is also analogous to the phase of the locked-in signal meas-
ured in PFM which undergoes a ~180° phase shift as domains with opposite polarization are scanned. An analo-
gous description of the switching progress in the PPP configuration is shown in Supplementary Fig. S6.

Discussion

With the above results in perspective, we are now in a position to draw some comparisons with the present state of
knowledge and discuss some applicability issues. Earlier studies have demonstrated a switchable PV effect in BFO
films in capacitor or out-of-plane geometries®??. However, the origin of the PV effect in such scenarios has been
found to be susceptible to the ferroelectric-electrode interface, and also to the overall conduction of the gap'. As
aresult, I, can be merely utilized to determine the direction of polarization.

The planar geometries used in this work allowed us to focus on the I, originating from the BPV effect, which
is evident from the angular-dependent characteristics. Similar planar geometries have been used in the past
for studying photo-related processes in BFO films'>?*-?%. However, the use of either white light or light with
fixed plane of polarization restricted the studies to switching of ferroelectricity and observation of switchable
PV effect?*-%¢. Likewise the vertical or capacitor geometries, even in planar configuration high electric fields
can result in other effects as well, such as migration of oxygen vacancies and accumulation of charges at the
electrode-ferroelectric interface?. In addition, domain walls separating head-to-head domains can be created
which haven been demonstrated to a show sub-band gap photoresponse?*?¢. But large sized gaps and above
band-gap illumination (necessary for BPV effect) allowed us to circumvent such secondary contributions and
focus only on the bulk photoresponse. This is also evident from I, and V,. measurements which always exhibited
an angular dependency on light polarization, i.e. in pristine, semi-and completely switched states.

Our analysis of I, in conjunction with the domain arrangement, provided an insight into the evolution of the
BPV effect. The responses were compared with previously calculated relations, which manifested the extraction of
crucial coeflicients. Henceforth, a model was proposed which can be utilized for estimating not only the orienta-
tion and magnitude of P,,, but also the proportion of switched regions. The measured areas are much larger than
the areas that can be typically accommodated in a single image scan of a probe-based technique. These results
therefore unravel the potential of the BPV phenomenon, typically perceived as an outcome of domain and polar-
ization configuration, as a means of detection. The simplicity of the method presented in this work can be much
appreciated upon comparison with the well-established SHG technique. In addition, the possibility to estimate
the proportion of switched/un-switched region is yet to be demonstrated with SHG based methods.

However, one of the main drawbacks of this method is the necessity of the ferroelectric to exhibit BPV charac-
teristics. But, as per rules of symmetry, all ferroelectric materials are capable of such an effect. For instance, anom-
alous photoresponse has been reported and studied in LiNbO;?’, KNbO,'¢, BaTiO;*® and PbTiO;*'. Therefore,
further calibrations will certainly strengthen the framework presented here for the determination of polarization
related parameters in a variety of ferroelectric materials.

Methods

Thin film growth. The BiFeO; thin films were grown on single crystalline SrTiO; and DyScO, substrates
using a pulsed laser deposition system (SURFACE PLD-Workstation). During deposition, the substrate was kept
at 625°C and exposed to an oxygen partial pressure of 0.145 mbar. The KrF excimer laser was set to an energy
density of ~1.45] cm~2 with a pulse frequency of 2 Hz.

Electrode deposition. The electrodes were structured using a standard photolithography process. DC sput-
tering was used to deposit the electrode material (Pt:Pd, 80:20) with a thickness of ~70 nm.

Piezoresponse force microscopy. PFM images were acquired with a Park NX10 system combined with
an external lock in amplifier (Zurich Instruments). The AC voltage (3 V, 20kHz) was applied through a cantilever
equipped with a platinum coated tip (MikroMasch NSC 14).

Photoelectrical measurements. A high impedance electrometer (Keithley 6517B) acted as a voltage
source (IV-characteristics, switching voltage) and simultaneously measured the current. The samples were illu-
minated by a diode laser (Cobolt 06 MLD) with a wavelength of 405nm and 100 mW power.

Switching experiments. During the switching process the maximum applied voltage was increased in 50 V
steps. The voltage was ramped up from zero to the maximum voltage of the switching step with a rate of 5V s,
IV characteristics were acquired after each switching step for a fixed angle §. PFM measurement and 6-dependent
PE measurements were performed after certain switching steps.
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Figure 1. (a) Schematic setup of the measurements on BFEO/STO: Orientation of linearly polarized laser light
(green) is rotated by a half-wave plate by the angle 6 (red). The beam spot is placed in between the electrodes,

which are running along [010] .. LPFM phase image (PFM probe along [010],,, 10 x 10 um?) of (b) the initial
state, (c) after applying negative and (d) after applying positive electric fields, respectively. Red arrows indicate
the direction of P,,,. (e) I, as a function of @ for the state shown in (b-d). Solid lines depict the fit of the data
points with Eq. (1). (f) Values of A, Band  extracted from fitting.

the PV current on the orientation of the linearly polarized light with respect to the measurement gap, and on BPV
tensor coefficients ;. In the case of single domain samples, and measurement along the polar axis, sinusoidal and
cosinusoidal dependencies have been observed with a single tensor coefficient (3,,) acting as a proportionality
constant'®. However, in the case of samples with poly-domain configurations, the resultant response can have
contributions from multiple tensor coefficients. Mathematically it has been shown that the arrangement of polar-
ization vectors of different domains results in such non-trivial solutions!”. Therefore, it can be perceived that any
change in the domain arrangement and net polarization will directly impact the BPV response. Conversely, the
BPV effect can be also used to determine the domain arrangement and the effective state of polarization.

Till now, the BPV effect has been mostly studied in relation to single domain states with emphasis only on the
observation rather than manipulation. In this work, we analyze the evolution of the BPV effect as the domains
are switched upon the application of electric fields. The defining characteristics of the short-circuit current (I,),
viz. magnitude and angular dependence, were found to be surprisingly sensitive to the rotation of the in-plane
net polarization (P,,,). Our analysis henceforth unravels the potential utility of the BPV effect in determining
the orientation of P,,, in areas of size that are not typically measurable with probe-based methods. We use planar
top electrodes separated by a gap, which allows to observe the domain configuration using piezoresponse force
microscopy (PFM) and to measure the corresponding BPV characteristics. Experiments were conducted with
disordered and ordered domain arrangements.

Results

BFO films with a thickness of ~220 nm were deposited on (001) oriented SrTiO; (STO) and (110) oriented
DyScO; (DSO) substrates using pulsed laser deposition. The respective samples will be referred to as BFO/STO
and BFO/DSO. The resultant topography of the samples and the corresponding X-ray diffraction 26/w-scans
prove the epitaxial relation between the film and substrate. The details are provided in Supplementary Fig. S1.
Planar electrodes, with a length of 950 um and separated by approximately 40 pm, were fabricated on the surface
of the samples. The setup of the photoelectrical (PE) and PFM measurements is shown schematically in Fig. 1a.
PE measurements were performed at room temperature with a diode laser of wavelength 405 nm (3.05eV) as the
illumination. The orientation of the linearly polarized light was rotated using a half-wave plate. The angle  repre-
sents the orientation of electric field plane of the light with respect to the [010], direction. The short-circuit
current I, can be represented with the following equations'”:
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The equations have been derived for BFO films with an ordered array of domains that are separated by 71°
domain walls. To simplify the equations, we have replaced the associated constants, namely, BPV coefficients 3,
light intensity E and the cross-sectional area A ,, with condensed notations B, C and D. Angles ¢ and y have been
added in Eqs (1) and (2), respectively, to incorporate any tilt of P,,,, with respect to the electrodes. In addition, A
has been included as an offset in Eq. (1), and bears no physical relevance.

Due to the in-plane compressive strain and homogeneous TiO, termination of the STO substrate, only four
out of the eight possible domain variants are present that are uniformly aligned along the out-of-plane direc-
tion'®-2" and the out-of-plane component of the polarization does not change throughout our experiments.
Therefore, only the lateral PFM (LPFM) phase images will be henceforth presented. Figure 1b shows the disor-
dered domain arrangement in the initial state of the BFO/STO sample wherein the ratio of dark to bright regions
is ~55:45. An additional LPFM phase image was acquired with the cantilever aligned along the [100],, direction
and is shown in Supplementary Fig. S2. The dark-to-bright ratio is around ~65:35. It can be inferred from these
images that P, is tilted within the electrode gap, as indicated by the red arrow in Fig. 1b. The subsequent PE
measurement (Fig. 1e, black) resulted in an I,. and V, that varies as the electric field plane of the light is rotated
by an angle 6 (V,, values of the investigated samples can be found in Supplementary Fig. $3). This proves the
dominance of the BPV effect in these samples. The variations in I, are in good agreement with Eq. (1) which
describes the PV current when P, is parallel to the electrodes. The measured values of the current were analyzed
with Eq. (1) and the respective coeflicients extracted from the fitting are summarized in Fig. 1f. The values of p, A
and B are 35° 23 pA and 89.9 pA, respectively. The non-zero value of coefficient A and the substantial value of
suggest a tilt of P, with respect to the electrodes, as was also inferred from the PFM analysis. In the next step,
electric fields were applied across the electrodes to rearrange the domain configuration and associated P,,.
Negative fields were applied and PFM scans were acquired from the same area as in Fig. 1b. The LPFM phase
image (Fig. 1¢) clearly depicts an evident reduction of the dark-to-bright ratio which confirms the tendency of P,,,,
to align with the direction of the electric field. The subsequent PE measurement reveals a shift of I,(6) along the
y- and x-axis (Fig. le, red). The coeflicients A and ¢ undergo a change in their respective signs, while B attains a
higher value. An increment in B is related to an overall higher magnitude of P, which is manifested by a higher
ordering of the domains after the switching process. On the other hand, ¢ approaches 90° in conjunction with a
higher value of A. Therefore, the PV response seems more alike the relation given in Eq. (2), which is valid when
P, is perpendicular to the electrodes. Thereafter, positive electric fields were applied and the rearranged domain
configuration from the same area is shown in Fig. 1d. Apparently, the dark-to-bright ratio exceeds the value of the
initial state. The analysis of the PV response with Eq. (1) results in a similar value of B suggesting a nearly
unchanged magnitude of P,,,. Coeflicients ¢ and A undergo a change of sign which largely emulates a flip of P,,,,
to align along the direction of the electric field, although the magnitudes slightly differ. A possible reason for the
difference could be a non-uniform switching arising from inhomogeneous electric fields close to the edges of the
surficial top electrodes?! and the large size of the gap. From these observations it can be proposed that the analysis
of the BPV response with Eqs (1) and (2) present an efficient framework to determine the orientation of the polar-
ization. The extracted coefficients contain information about the orientation and magnitude of P,,,. Also, note-
worthy to mention is the size of the gap under consideration, 40 x 950 um?, which is much larger than the areas
typically measurable in a single image scan of a probe-based technique such as PEM. However, to gain further
insight into the intricate correlations, it is imperative to study the PV response from samples which have a
long-range ordering of domains with a known direction of P,,,.

For this purpose, BFO films grown on DSO substrates, exhibiting 71° domain walls and P, pointing along the
[OlO]Pc—direction, were used. Prior investigations were performed to determine the direction of the polarization,
and electrodes were aligned perpendicular (PPP configuration) and parallel (PPL configuration) to P,,,. Figure 2a
schematically depicts the PE and PFM measurement in the PPP configuration. Figure 2b is a representative LPFM
image acquired from in between the gap with the PFM probe aligned along [100],,.. The uniform color confirms
the direction of P, perpendicular to the electrodes. The typical stripe-like pattern associated with the 71° domain
walls was also imaged but with the probe aligned along [010],,, and will be discussed later. The PE measurement
from the initial state demonstrates a rather excellent agreement between the I, and Eq. (2) (Fig. 2f,g), with the
angular offset y bearing a minimal value of 2°.

Thereafter, the gap was switched to an intermediate state to have a nearly equal proportion of areas with oppo-
sitely aligned P,,,,, as shown in Fig. 2c. Additional LPFM images revealing the presence of a global domain wall
between switched and unswitched regions are shown in Supplementary Fig. S4. The resultant PV response loses
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Figure 2. (a) Schematic setup of the measurements in the PPP configuration (P,,, perpendicular to electrodes)
on BFO/DSO. LPFM phase image (PFM probe along [100],,, 30 x 30 um?) (b) of the initial state, (c) of
intermediate state (negative electric fields applied), (d) after applying higher negative and (e) after applying
positive electric fields, respectively. Red arrows indicate the direction of P,,,. (f) I, as a function of § for the state
shown in (b-e). Solid lines depict the fit of the data points with Eq. (2). (g) Values of C, D and x extracted from
fitting.

the cosinusoidal -dependency and a steady I, of around 160 pA was measured. The comparison with Eq. (2)
suggests an apparent drop in the value of D, which comprises of /3,, and 3,5. The measured I, can then be attrib-
uted primarily to the §-independent quantity C which has additional contributions from (5, and (.
Subsequently, higher electric fields were applied with the objective to completely switch the gap, and the LPFM
phase image in Fig. 2d confirms this scenario. The corresponding PV response regains the cosinusoidal depend-
ency on 6 with coefficients C and D bearing high values, and x assuming a value of 180° implying a complete
inversion of P,,. The variation in the values of D (i.e. 535 pA in the initial state — zero in the intermediate state —
—457 pA after first switching) clearly mimics the magnitude of P,,,,. To further confirm this, electric fields were
applied to switch the gap back to the initial state (Fig. 2e). As expected, a nearly identical value of D was obtained.
The relevance of C is also worthy to be mentioned. The sign of C clearly follows the direction P,,,, but the value
seems to have a correlation with the domain width (size of domain in the [010],-direction) which was observed
to be significantly larger as new domains were formed (see Supplementary Fig. S5). Thus it can be concluded that
the switching process in the PPP configuration does not involve any substantial rotation of P,,,,. The antiparallel
and parallel alignment of the electric field with respect to P, only leads to a lowering and subsequent gain of the
magnitude of P,,,,.

For the next set of experiments, the PPL configuration (Fig. 3a) was used, which apparently also allowed us to
observe and investigate the rotation of P,,,. The initial state of the gap was confirmed to have P, aligned parallel
to the electrodes with the imaging of long stripe like patterned domains along [100],,. (Fig. 3b). As a result, the PV
response was found to be in good agreement with Eq. (1) with minimal values of coefficient A and angle ¢ of
around 11 pA and 5°, respectively. Upon the application of a moderate electric field, the P, in some regions aligns
along the electric field, while in other regions remains unchanged (Fig. 3¢). Therefore, the gap adopts an interme-
diate state with P,,, tilted by an angle of ~45°. Precisely this scenario is also visible in the PV response wherein the
angle ¢ assumes a value of 48.1°. As higher fields are applied, the gap uniformly switches (Fig. 3d) and the PV
response changes from sinusoidal to cosinusoidal shape. This change is related to an orthogonal rotation of P,,,,
and is illustrated by the change of ¢ to 82.6° and A assuming a non-negligible value of —289 pA. Applying electric
fields of opposite polarity confirms this (Fig. 3e), and likewise the PPP case, a PV response with similar values of
A and B is observed with ¢ = 89.7°. It is evident from these measurements, that the electric field forces P,,, to
re-orient stepwise from the parallel to a perpendicular configuration. This situation can be effectively modeled by
combining Eqs (1) and (2). The resultant equation is of the type:
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Figure 3. (a) Schematic setup of the measurements in the PPL configuration (P, parallel to electrodes) on
BFO/DSO. LPFM phase image (PEM probe along [100],,.) (b) of the initial state, (c) of intermediate state
(negative electric fields applied), (d) after applying higher negative and (e) after applying positive electric fields,
respectively. Red arrows indicate the direction of P,,,,. (f) I, as a function of 6 for the state shown in (b-e). Solid
lines depict the fit of the data points with Eq. (1). (g) Values of A, B and ¢ extracted from fitting.
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Figure 4. (a) I as a function of  in the initial state (black), in the intermediate state (purple, orange, green)
and after applying the highest (positive) electric field (red). Data points correspond to the PE measurements at
certain angles 6 fitted with Eq. (3) (solid lines). Parameter x represents the extent of switching. (b) The extent of
switching x plotted as a function of the angle ¢ (acquired from fitting measured values with Eq. (1)) for the
initial state, several intermediate states, and the state after the first switching. The fit emphasizes the possibility
to use ¢ as a probing parameter to measure the extent of switching and thus the tilt of P,,, (Derivation of fitting
function can be found in the Supplementary Information).

L0, x) = (1 — x) - [Ay + Bysin(20 + ¢y)] + x - [C, + D;cos(20 + x,)] (3)

wherein x and (1 — x) represent the fraction of area with changed and unchanged orientation of P,,, respectively.
To investigate the validity of this relation, first, a series of PE measurements were conducted to acquire PV
responses from differently switched states of the gap. The values of the coefficients Ay, By, ¢ and C,, D}, x, were
determined from the initial (PPL) and final (PPP) state, respectively. Thereafter, all the responses were analyzed
with Eq. (3), by keeping the coefficients fixed and allowing the variation of only x. All of the acquired PV responses
are in excellent agreement with Eq. (3) as visible in Fig. 4a, which also allows to extract information about the
proportion of the switched area x. In addition, the intermediate switched states were analyzed with Eq. (1)
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to acquire the different values of angle ¢. The plot between x and ¢ is shown in Fig. 4b and demonstrates the sen-
sitivity of the BPV response to smallest changes in the orientation of P,,,. Hence we can propose that the angle ¢
can be effectively utilized as a probing parameter for P,.. Assuming an ideal alignment of P, in the initial state,
the angle ¢ can vary from 0° to +90° irrespective of the PV current magnitudes. The sign associated with ¢ explic-
itly is related to the direction of P,,, in reference to the electrodes, while the absolute value indicates the extent of
the switching and the connected tilt angle of P,,,. This is also analogous to the phase of the locked-in signal meas-
ured in PFM which undergoes a ~180° phase shift as domains with opposite polarization are scanned. An analo-
gous description of the switching progress in the PPP configuration is shown in Supplementary Fig. S6.

Discussion

With the above results in perspective, we are now in a position to draw some comparisons with the present state of
knowledge and discuss some applicability issues. Earlier studies have demonstrated a switchable PV effect in BFO
films in capacitor or out-of-plane geometries®?2. However, the origin of the PV effect in such scenarios has been
found to be susceptible to the ferroelectric-electrode interface, and also to the overall conduction of the gap'. As
aresult, I, can be merely utilized to determine the direction of polarization.

The planar geometries used in this work allowed us to focus on the I, originating from the BPV effect, which
is evident from the angular-dependent characteristics. Similar planar geometries have been used in the past
for studying photo-related processes in BFO films'>?*-2%. However, the use of either white light or light with
fixed plane of polarization restricted the studies to switching of ferroelectricity and observation of switchable
PV effect® %6, Likewise the vertical or capacitor geometries, even in planar configuration high electric fields
can result in other effects as well, such as migration of oxygen vacancies and accumulation of charges at the
electrode-ferroelectric interface?®. In addition, domain walls separating head-to-head domains can be created
which haven been demonstrated to a show sub-band gap photoresponse??°. But large sized gaps and above
band-gap illumination (necessary for BPV effect) allowed us to circumvent such secondary contributions and
focus only on the bulk photoresponse. This is also evident from I, and V,,, measurements which always exhibited
an angular dependency on light polarization, i.e. in pristine, semi-and completely switched states.

Our analysis of I, in conjunction with the domain arrangement, provided an insight into the evolution of the
BPYV effect. The responses were compared with previously calculated relations, which manifested the extraction of
crucial coefficients. Henceforth, a model was proposed which can be utilized for estimating not only the orienta-
tion and magnitude of P,,,,, but also the proportion of switched regions. The measured areas are much larger than
the areas that can be typically accommodated in a single image scan of a probe-based technique. These results
therefore unravel the potential of the BPV phenomenon, typically perceived as an outcome of domain and polar-
ization configuration, as a means of detection. The simplicity of the method presented in this work can be much
appreciated upon comparison with the well-established SHG technique. In addition, the possibility to estimate
the proportion of switched/un-switched region is yet to be demonstrated with SHG based methods.

However, one of the main drawbacks of this method is the necessity of the ferroelectric to exhibit BPV charac-
teristics. But, as per rules of symmetry, all ferroelectric materials are capable of such an effect. For instance, anom-
alous photoresponse has been reported and studied in LiNbO;*, KNbO,'¢, BaTiO;** and PbTiO;*'. Therefore,
further calibrations will certainly strengthen the framework presented here for the determination of polarization
related parameters in a variety of ferroelectric materials.

Methods

Thin film growth. The BiFeO; thin films were grown on single crystalline SrTiO; and DyScOj substrates
using a pulsed laser deposition system (SURFACE PLD-Workstation). During deposition, the substrate was kept
at 625°C and exposed to an oxygen partial pressure of 0.145 mbar. The KrF excimer laser was set to an energy
density of ~1.45] cm™~2 with a pulse frequency of 2 Hz.

Electrode deposition. The electrodes were structured using a standard photolithography process. DC sput-
tering was used to deposit the electrode material (Pt:Pd, 80:20) with a thickness of ~70 nm.

Piezoresponse force microscopy. PFM images were acquired with a Park NX10 system combined with
an external lock in amplifier (Zurich Instruments). The AC voltage (3 V, 20 kHz) was applied through a cantilever
equipped with a platinum coated tip (MikroMasch NSC 14).

Photoelectrical measurements. A high impedance electrometer (Keithley 6517B) acted as a voltage
source (IV-characteristics, switching voltage) and simultaneously measured the current. The samples were illu-
minated by a diode laser (Cobolt 06 MLD) with a wavelength of 405nm and 100 mW power.

Switching experiments. During the switching process the maximum applied voltage was increased in 50 V
steps. The voltage was ramped up from zero to the maximum voltage of the switching step with a rate of 5Vs~.
IV characteristics were acquired after each switching step for a fixed angle 6. PEM measurement and §-dependent
PE measurements were performed after certain switching steps.
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Figure 4.S1: Topography scan (10x 10 um?) of (a) BFO/DSO and (b) BFO/STO sample ac-
quired by AFM. The insets show the respective line profile along the dotted
line. (c) X-ray diffraction 26/w-scan of both samples.

PFM probe

Figure 4.52: LPFM phase images of the BFO/STO when PFM probe was aligned along (a)
[100],c and (b) [010],c, respectively, reveal different dark-to-bright ratios.
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Figure 4.S3: [/, and V. as a function of 8 in the initial state of (a) BFO/STO, (b) BFO/DSO
PPP configuration and (c) BFO/DSO PPL configuration.

Figure 4.54: LPFM phase and amplitude images of the intermediate switching state, when
cantilever was aligned along a)[100],. and b)[010],, respectively. The global
domain wall (GDW) separates switched and unswitched regions with opposite
direction of Ppg;.
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Figure 4.S5: a) V. as function of 8 of the initial state and after the second switching. The
maximum value increased from ~15V to ~18V. The corresponding LPFM
phase images show an increased domain width (c) after the 2nd switching
compared to (b) the intial state.
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Figure 4.S6: (a) /5. as a function of 8 for switching steps of within the second switching cycle
(positive electric fields). Parameters z indicates the extent of switching ex-
tracted from fitting with the equation shown above the graph. (b) Correspond-
ing values of C, D and x extracted from fitting with Equation 2 as a function of
the extent of switching z.
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Summary - CHAPTER 4

Two type of epitaxial BiFeOj3 thin film heterostructures were grown on SrTiO3; and
DyScO; substrates using PLD. AFM and XRD measurements were used to confirm
high thin film quality and examine the epitaxial relation between film and substrate
(Figure 4.51). The ferroelectric character of the thin films was tested by the use of a
detailed PFM analysis. The LPFM measurements of the BiFeO3//SrTiO3 heterostruc-
tures revealed a random arrangement of patched domains with different in-plane po-
larization directions. A detailed PFM analysis demonstrated the existence of four out
of eight possible domain variants with a slight in-plane net polarization (Figure 4.S2).
Large-scale planar top electrodes on the film surface (950 um length, 40 um gap dis-
tance) enabled the BPV measurement and the application of electric fields. First mea-
surement of the BPV response revealed a dependency of the short-circuit current on
the linear light polarization direction. After the application of high electric fields, the
BPV response undergoes a phase shift and an offsetting compared to the initial state
(Figure 4.1). Due to the tensorial nature of the BPV effect, the direction of the in-plane
polarization projection was concluded from a careful analysis of the light-polarization-
dependent photovoltaic measurements. To further elucidate the possibility to gain
information about the present ferroelectric polarization state, BiFeO; films grown on
DyScO; with a highly-ordered striped ferroelectric domain arrangement were investi-
gated as well. The stripe domain arrangement originates from an anisotropic strain
applied by the DyScO; substrates. The PFM analysis revealed the existence of only
two polarization variants. This alternate arrangement of striped domains leads to a
large net in-plane polarization along a specific crystallographic direction. BPV mea-
surements with different electrode orientations (perpendicular and parallel to resulting
in-plane net polarization) were in agreement with analytical tensorial calculations. On
one hand, the application of electric fields antiparallel to the net in-plane polarization
forced a flip of both the polarization and the BPV response (Figure 4.2) The measure-
ments of intermediate states demonstrated the absence of gradual phase shifting
during the switching process. This can be explained by the fact that there is no po-
larization rotation involved. On the other hand, electric fields perpendicular to the net
polarization force the ferroelectric polarization to rotate and align parallel to the elec-
tric field direction. This rotation of the ferroelectric polarization results in a phase shift
of the BPV response (Figure 4.3). The results clearly demonstrated the tensor-nature
of the photovoltaic effect in BiFeO3. Consequently, it was possible to utilize the phase
shift of the BPV response to track the polarization rotation and the switching progress
(Figure 4.4). Whereas other techniques are restricted to small areas (e.g. PFM) or
require the application of electric fields larger than the coercive field for polarization
determination (e.g. standard thin film testing devices), the measurements and anal-
ysis of the BPV effect can give information about the polarization direction on large
read-out areas non-destructively.
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CHAPTER 5

Anomalous Circular Bulk Photovoltaic
Effect in BiFeO3 Thin Films with Stripe-
Domain Pattern

In the first part of this thesis, linearly polarized light was utilized to characterize the
photovoltaic properties systematically and to demonstrate the direct link between the
BPV effect and the ferroelectric polarization direction. Due to the gyrotropic character
of BiFeOs, there are non-zero components of the circular BPV tensor 55 (compare
Section2.3). The aim of the second part of this thesis was to investigate, for the
first time, the circular (and elliptical) BPV effect in BiFeOs. For this, the experimental
setup was extended to enable the continuous adjustment of the light polarization from
linear to elliptical to circular. The experimental findings confirmed the existence of
the circular BPV effect in BiFeO3, however, an anomalous character of the effect was
observed and further elucidated.

PUBLISHED AS:

Knoche, David S., Steimecke, M., Yun, Y., Mlhlenbein, L. & Bhatnagar, A.
“Anomalous circular bulk photovoltaic effect in BiFeOs thin films with stripe-
domain pattern”. Nature Communications 12, 282 (2021)

000000

ToC Figure 5.0: Schematic of striped domain arrangement in BiFeO3 (left).
The detailed investigation of the BiFeO3 thin films revealed the existence of an
anomalous circular bulk photovoltaic effect. Possible reason for this behavior is
a domain-specific differential interaction between the different domain variants
and circularly-polarized light of different helicity orginated from the chiral anti-
ferromagnetic spin cycloid (right).
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reaching implications that have been till now demon-

strated. The obvious ones include the realization of junc-
tion free-photovoltaic modules!, and tracing polarization
components, both in-plane? and out-of-plane’, via non-
destructive methodologies. Generation of above bandgap open-
circuit voltage (V,.) under suitable illumination is another out-
come which has garnered immense attention!#. The underlying
symmetry-driven charge-separation mechanism is even more
enticing which has fueled research for materials with broken
inversion symmetry. Conversely, the effect itself has been also
utilized to detect the status of inversion symmetry in a wide range
of materials such as oxides®, topological insulators®, and
inorganic-organic perovskites”:8. In this context, the circular bulk
photovoltaic effect (CBPV) is of particular interest. In general, the
photovoltaic effect in materials without inversion symmetry can
be resolved into two parts, linear and circular®. Much of the work
till now has been focused on the linear bulk photovoltaic effect
(LBPV) wherein the resulting photovoltaic current depends on
the orientation of the linearly polarized (LP) light®.

The CBPV, on the other hand, results in a photocurrent which
depends on the helicity of the CP light”-12. An essential pre-
requisite for the manifestation of such an intriguing phenom-
enon, apart from the absence of inversion symmetry, is a split in
the conduction or valence band of the material in reciprocal
space, which is also known as Rashba and Dresselhaus
effect>11:13, As a result, light of a given helicity excites charges
with spin up 1, while of opposite helicity charges of spin down |.
Consequently, the CBPV has been often utilized as probing
methodology to detect Rashba splitting in different bulk material
systems such as BiTeBr'* and ZnO!>, and even in hetero-
structures comprising of AlGaN-GaN!. In addition, measure-
ments of the CBPV have been instrumental in confirming the
absence of inversion symmetry in different organic-inorganic
perovskite-structured systems, which has assisted in the pursuit of
finding the origin of charge separation mechanisms in these
materials system!”.

Therefore, it is rather intriguing that the CBPV has never been
investigated in BiFeOs, although all the essential criteria are
evidently satisfied. The rhombohedral polar space group R3c of
bulk BiFeO; leads to ferroelectricity!® and the existence of the
LBPV. The crystal symmetry also allows gyrotropy and thus the
CBPV should be observable in BiFeO;°. This becomes more
interesting with BiFeO; having a bandgap (E, = 2.7¢V)!° which
lies within the visible range of solar spectrum and a corre-
sponding photovoltaic effect that has been shown to be governed
by the symmetry.

The re-discovery photovoltaic effect in ferroelectrics has far

The ferroelectric domain arrangement can be engineered in a
periodic array by tuning growth conditions, such as substrate sym-
metry?0 and termination?!, gas pressure, and related composition?2.
The room temperature multiferroic character of BiFeO; manifests in
a rather intricate coupling between the polarization vector and
magnetic order?3. Consequently, the control of the magnetic order by
the application of electric fields has been predicted and demonstrated
successfully in thin film-based devices. Furthermore, the magnetic
order in BiFeO; is currently under intense investigation which
exhibits a non-collinear antiferromagnetic spin cycloidal structure
and is a potential candidate for future antiferromagnetic spintronic
devices?*. An in-depth view of the magnetic order was recently
provided that explicitly illustrated the existence of spin cycloids
within each domain having a propagation vector aligned orthogonal
to the polarization?>. Consequently, the periodic ferroelectric domain
pattern essentially renders an equally ordered magnetic texture of
BiFeO; thin films grown on a variety of different substrates®®. This
evidently presents some interesting opportunities to analyze domain-
specific light-matter interactions, inherent to materials which have
chiral textures?’. Therefore, it becomes apparent that BiFeO; thin
films provide a lucrative landscape to study the overlap of these
rather discrete aspects.

In this work, we investigate the CBPV in epitaxially grown
BiFeO; thin films. The LBPV is first utilized to establish the
photovoltaic activity of the samples with V. well above the
bandgap. The BPV is investigated systematically by modulating
the polarization of the light from linear to circular. A changed CP
light helicity (left <> right) generates V,. of opposite polarities,
albeit with nearly half of the magnitude in comparison to the
maximum response under LP light. Analysis of the response with
the CBPV tensor suggests a rather compelling scenario involving
domain-specific interaction of the CP light. This aspect is tested
with different measurement geometries which results in a switch-
like state exhibiting a chirality-dependent ON and OFF state of
the photovoltaic effect. Spatially-resolved Raman measurements,
and related analysis, further bolster the arguments.

Results

Thin-film growth and characterization. BiFeO; thin films with a
thickness of around 200 nm were deposited on single-crystalline
DyScO3 (110)o. substrates using a pulsed laser deposition sys-
tem. Further details on sample growth can be found in the
Methods sections. The topography of the resultant samples
appears to be smooth (root-mean-square roughness Ry = 850 pm)
with stripes along [100],. as shown in Fig. la. The lateral signal,
phase (Fig. 1b), and amplitude, acquired from piezo force
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Fig. 1 Domain and structural characterization of BiFeO; thin film. a Surface morphology visualized using atomic force microscopy (R4~ 850 pm) and b
corresponding in-plane PFM phase image (cantilever aligned along [100],., 7.5%7.5 pm2). Red arrow indicates the in-plane net polarization resulting from
the stripe-ordered domain arrangement of only two polarization variant P, and Pg shown schematically in ¢. d X-Ray diffraction 26 — w scan around (002),.

substrate peak.
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microscopy (PFM) reveal a periodic domain pattern and the
domains stretch across the entire width of the scan (7.5 um) on
many instances. The striped domain arrangement reveals an
average period length around 170 nm in [100],.. As the vertical
signal from PFM was largely consistent in color (Supplementary
Fig. 1), the existence of only two variants, out of the eight pos-
sible, which are separated by 71° domain walls can be implied.
This periodic arrangement of stripe domains lead to a resulting
net polarization in [101],.. The crystallinity and phase purity
of the samples were confirmed by X-ray analysis and a 20 — w
scan around the [002],. substrate peak is presented in Fig. 1d.
Because of the mismatch between the lattice parameter of the
film agrope=3.965A18 and the substrate apsopc=3.946 A,
bpso pc = 3.952 A28 an anisotropic compressive strain is implied
during the epitaxial thin film growth. The respective mismatch
between the in-plane lattice constant of —0.33% and —0.48%
leads to a resultant increased out-of-plane lattice constant of
BiFeO; cppopec = 3.991 A. The value is in agreement with other
studies wherein, similar ¢ and strain were observed due to the
largely identical in-plane lattice constants of the BiFeOj; film and
DyScOj; substrates 20:26,

Bulk photovoltaic effect. The samples were first measured with
LP light with a wavelength of 405 nm (3.06 eV). In Fig. 2a, the
measurement geometry is schematically depicted with electrodes
running along x-direction perpendicular to the domain walls. The
generated photovoltaic current (density) j- for an ordered striped
domain arrangement with 71° domain walls can be described with
following equation (Details: Supplementary Fig. 2/Egs. (1)-(15)):

(B4 308 i+ )+ (B £) o

/3]53 B 285, Bis :
(vavarﬁ/_) sin(26) (1)

(2ﬁ22+ﬁ_%s_ﬁi_%)
V6 ' 3V/3 33 33

=1

wherein I is the light intensity, ﬁ are the LBPV coefficients,
and 0 is the angle describing the rotation of the electric field plane
of the LP light around the z-axis. The rotation is achieved by
using a half-wave (3) plate.

The measured values of the photovoltaic current (density) in y-
direction are largely similar to the previously reported values!-2.
The dependency on the light orientation 6 match qualitatively the
predicted sinusoidal response in Eq. (1) and confirms the
dominance of the BPV. In addition, the photovoltaic effect was
found to be switchable in its characteristics as electric fields above
the coercive field were applied across the electrodes. The resultant
response largely mimics ferroelectric switching which further
validates the dominance of ferroelectric/bulk photovoltaic effect
in these samples (Supplementary Fig. 3). It must be emphasized
here that the magnitude of photovoltaic current scales up linearly
with the intensity of light. On the contrary, the V,,. should remain
constant above a threshold light intensity?®. We also tested this
condition by gradually scaling up the light intensity and observed
a distinct saturation of V. above a certain intensity of light.
Furthermore, the current-voltage characteristics are linear with an
unchanged slope for different light orientation 6 (Supplementary
Fig. 4/5) Therefore, both j; and V. can be used to describe the
observed photovoltaic effect, however, because of the insensitivity
towards slight light intensity changes, from hereon, only the
extracted values of V,. will be presented.

The photovoltaic current (density) originating from the CBPV
j¢ depends on the helicity of the CP light (Details: Supplementary
Egs. (16)-(23)):

0
I

LCP: ji® = — | +p} 2a
Ji \/g ﬂ 12 ( )

0

I 0

C

RCP: ji = 7§ P (2b)

0
wherein j*°P and jR°P are the generated CBPV current density

under illumination with left-handed circularly polarized (LCP)
and right-handed circularly polarized (RCP) light, respectively.
For both light chiralities, the current depends on the light
intensity I and the CBPV coefficient 5. The current in x- and z-
direction is zero, whereas in y-direction reverses its direction
from LCP to RCP light.
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of the light helicity due to the presence of the 4 5 plate is con5|dered in the experlmental data. Voc as a function of the 2
+2,+72,0}) and to circular (¢ € {

polarization varies from linear (¢ € {2, 0}), to elliptical (¢ ¢ {

4 plate orientation ¢. The light
). The helicity of the light polarization changes from

left-handed (—% < ¢ < 0) (blue) to right-handed (0 < ¢ < §) (red). The overall V. can be divided into the contribution from the CBPV (yellow solid line) and

the LBPV (black solid line).
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A quarter-wave (4) plate was used to change the light
polarization. The angle between the the fast axis of the % plate
and the polarization plane of incident LP light is defined as ¢. A
variation in ¢ apparently modulates the circularity of the light
following P, =sin(2¢). As ¢ is varied, the light polarization
gradually changes from linear to elliptical, and eventually to
circular at ¢ = +7. The Vi, as a function of ¢ is presented in
Fig. 2c. The corresponding light polarization is shown in the
schematic above. The V. peaks at § = +Z with a corresponding
magnitude of +27V, which is in the regime of elliptical light
polarization. The elliptical polarization can be considered as a
sum of linear and circular polarization, and consequently, the net
measured response is a sum of contributions from LBPV
and CBPV. The CBPV response scales up linearly with P,
which makes it possible to extract the respective contribution
(vellow solid line, V. cppy(¢) = 21.3Vsin(2¢)) from the overall
response. The LBPV contribution (black solid line) can be
obtained by subtracting the CBPV contribution from the
overall response. This was confirmed by an additional measure-
ment conducted with the outcoming light polarization rotated
by 90°. The extracted LBPV contribution is shifted while
the CBPV contribution remains unchanged (Supplementary
Fig. 6).

gSimilar responses have been also reported in Tellurium®!1, in
BiTeBr!4, and more recently in organic-inorganic halide
perovskites$. In all of these materials systems, the extreme values
appear at ¢ = +7 corresponding to LCP and RCP light. This can
be attributed to spin splitting and the excitation of carriers either
in k,>0 or k,<0 by LCP and RCP light, respectively. The
eventual relaxation of the carrier to the corresponding bottom
and top of conduction and valence band, respectively, results in
photocurrent of opposite direction under illumination with RCP
and LCP light, respectively®30. However, this not the case in
our measurements wherein the maximum response appears at
¢ = +% because of the superimposed contribution from
the LBPV.

Linear to circular bulk photovoltaic effect. In order to distinctly
differentiate between the responses arising from LBPV and
CBPV, we modified the setup by replacing the ’;l plate with a Berek
compensator (tunable wave plate). This allowed us to obtain light
polarization with different ellipticity ratios e ranging from e=1

(CP light) to £>300 (LP light) without rotating the main axis of
the light polarization ellipse (||[001],, see Fig. 3d). Details about
the light polarization characterization can be found in Supple-
mentary Fig. 7. A subsequent 4 plate enabled the clockwise
rotation of the out-coming light by an angle 0 (compare Fig. 2b).

In the first instance, identical geometry as depicted in Fig. 2
was used (electrodes || x-direction). Fig. 3b shows the V,. as a
function of 6 for light with different e. The LP light (¢>300)
generates an expected sinusoidal response with maximum V.=
+19.2V (Compare Fig. 2b, Eq. (1)). Interestingly, the right-
handed elliptically polarized (EP) light (with ¢ = 3, ¢ = 10) results
in higher maxima of around 27.6V (Compare Fig. 2¢), and the
response is visibly less dependent on 6. As ¢ is further reduced to
1, the angle 0 is rendered redundant and a consistent V,. of
20.6 V is observed. Conversely, this also signifies the precession of
the CP light. As the helicity of light is changed from right to left,
the response of generated V. follows a similar trend, but with
negative polarity. The results with this setup reveal a more
detailed insight into the individual contributions arising from
LBPV and CBPV. The results are also in coherence with those
shown in Fig. 2c and Eq. (2a). The direction of the V. arising
from the CBPV depends on the helicity of the light polarization.

The same measurements were repeated with a different pair of
electrodes which were fabricated to measure the response in x-
direction. The LBPV response follows now a cosinusoidal relation,
instead of sinusoidal, which agrees with Eq. (1). It exhibits higher
Vo maxima of around 54V at 6 e {Z,3} (Fig. 3c). Upon
illumination with EP light, the maximum V. values drop but
remain alike for opposite helicity, ie., for left-handed and right-
handed EP light. The trend continues for the CP light as the V.
values remain independent of the helicity of the light and are
around 20V. This is rather surprising for two reasons. Firstly, the
substantial response measured in x-direction completely contradicts
Eq. (2b), according to which response to CP light should be zero.
And secondly, the response is independent of the light helicity.

To analyze this anomaly, we shift our focus to the individual
CBPV responses arising from each of the two domain variants.
The responses are summarized in Table 1 comprising Equation
(3a)-(3d). Interestingly, the calculated current originating from
the CBPV is perpendicular to corresponding polarization vector,
i.e, for domain variant Py with polarization pointing in [111],,
RCP and LCP light leads to a photovoltaic current in [110],. and
[110],, respectively.
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Also, it is imperative to state that the tensorial assessment is
based on a presumption that, both, RCP and LCP light interact
equally with domains exhibiting different polarization variants Py,
and Pg. However, an alternative situation can be also presumed
wherein RCP light interacts with only domains of one explicit
domain variant, in this case Py, while LCP light interacts with
domains of the other variant. In this case, the photovoltaic response
in y-direction will exhibit opposite polarity under RCP and LCP
light, while, will be identical and non-zero in x-direction. This is in
complete coherence with the experimental findings.

Analysis of the CBPV and differential light interaction. Based
on the analytical assessment, we designed a measurement geometry
to focus separately on the CBPV response from each variant under
LCP and RCP light. Electrodes were engineered at an angle of +45°
with respect to the domain walls. In doing so, the electrodes are
aligned parallel to the projection of the polarization vector of P; or Px
in the xy-plane, while the in-plane projection of the other variant is
orthogonal to the electrode. Keeping in perspective the calculated
response given in Table 1, the expected V. arising from variant P
and Py are schematically shown in Fig. 4a. For the —45° electrode
geometry, the LCP light should provoke a considerable photovoltaic
response, whereas with RCP the response should vanish. A reversed

Table 1 CBPV contribution from each ferroelectric domain
variant.

Right-handed Left-handed
circularly polarized circularly polarized
light RCP O light LCP O

. 7 -1
Domain oo e +1 G2 er i 1 G0)
variant  J; —253| . I ~ai | ]

P

i —1 1
Domain weery _ 6 4 (€] LcPp, _ i, +1 Gd
variant i 243 Ji 25| T
Pr 0 0

Calculated CBPV response for the different domain variants P_ and Pr under illumination with
RCP and LCP light, respectivele/. With respect to presumed the domain-specific light interaction,
the CBPV current densities j‘R PP (Equation 3a) and j‘LCP‘PK (Equation 3d) vanish. The resulting
CBPV response consists out of /"LCP'pL (Equation 3b) generated in P_ under LCP light illumination
and j:‘CP'P“ (Equation 3c) generated in P under RCP light illumination. NOTE: Direction of V. is
antiparallel to the direction of ji (Compare Fig. 2b).

behavior is expected in the +45° electrode geometry. This scenario
is confirmed experimentally. It is amply evident that in the —45°
configuration depicted in the Fig. 4b only LCP light results in a
substantial V,. of 26.0V, while the RCP light induces a V. of neg-
ligible magnitudes (—0.9V). In the +45° configuration, instead of
LCP, the RCP results in a V. of 25.0V and LCP induces a mini-
malistic Vi, of —0.9V (Fig. 4c). The experimental findings agree with
the scenario derived from the tensorial analysis in Table 1 and
schematically demonstrated in Fig. 4a.

The agreement evidently suggests the need of differential
interaction between CP light and domain variants. The interac-
tion could be either involving absorption, i.., circular dichro-
ism (CD), or scattering. We conducted Raman scattering
experiments similar to Raman optical activity (ROA) measure-
ments. ROA is a known tool to investigate circular dichroic
behavior3!. Details about the Raman experiments can be found in
the Supplementary Discussion and in the Methods section.
Spatially-resolved Raman scattering experiment with CP light
excitation in combination with principle component analysis
(PCA) enabled the visualization of the ferroelectric domain
arrangement, which was also confirmed by PFM measurements of
the same region on the sample (Supplementary Fig. 8). Because of
the usage of CP light, the observed changes in the Raman spectra,
unlike other Raman scattering experiments (using LP light
excitation)3233, cannot be explained by a different orientation of
the light towards each domain variants. The change must
originate from a differential interaction of CP light and the
different domain variants and therefore, the Raman experiments
further strengthen the presumed domain-specific light
interaction.

However, it is imperative to mention that domain-selective light
absorption, i.e. CD, cannot be ruled out and is a plausible scenario.
As a matter of fact, differential circular dichroic behavior has been
reported in poly-domain BiFeO; single crystal using (polarized)
photo electron emission microscopy (PEEM)34. But the investiga-
tion of the dichroic behavior in domains with widths of only a few
hundreds of nanometers is challenging because of the limited
spatial resolution of typical characterization methods.

Nevertheless, the differential light-domain interactions
(absorption or scattering) are an outcome of chirality. In the
case of BiFeO;, the crystal structure itself does not posses any
chirality. However, a chiral order linked with the existence of a
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Fig. 4 Electrode alighments to show dominance of LCP over RCP response and vice versa. a Direction of V. based on the proposed scenario above to
describe the observed CBPV response (Equation 3b/3c in Table 1). The red and blue arrows implicate the direction of the V. corresponding to RCP and
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cycloidal antiferromagnetic spin texture has been concluded from
neutron diffraction measurements in BiFeO; ceramics3>. This was
also confirmed with neutron scattering’® and hard X-ray
magnetic scattering measurements>’ in single-crystalline BiFeO;.
Very recent studies conducted with nitrogen-vacancy magneto-
metry, and involving BiFeO; thin films, have explicitly revealed
the alignment of antiferromagnetic order in the form of cycloid
which in simple terms can be perceived as a periodic magnetic
object with a chiral character. The spin cycloid propagates within
individual and periodically arranged ferroelectric domains in
BiFeO3/DyScO; thin films>>2638, The propagation vector of the
cycloid remains perpendicular to the direction of ferroelectric
polarization in each domain. Therefore, in a periodic domain
pattern, of the kind utilized here, the propagation direction of the
spin cycloid sequentially changes from one domain to the other
by 90°. Furthermore, the configuration of the cycloid was found
to be particularly sensitive to the strain in the film arising from
the mismatch between the in-plane lattice parameters of the
BiFeO; and substrates?®, As a result, compressive strain of around
0.35% forces the propagation vector of cycloid to remain in the
(111),,¢ plane, while under tensile strain the vector is restricted to
(110),>426:39, From the state of strain and domain arrangement
in the BiFeO5;/DyScO; thin films analyzed in this study, the
existence of spin cycloid can be postulated. Presuming a chirality
flip associated with different cycloidal propagation direction, the
observed behavior could arise from the differential interaction of
CP light with the chiral magnetic texture, as has been also
observed with soft resonant elastic X-ray scattering
experiments?®-38, Interestingly, a recent work has also demon-
strated chiral arrangement of electric polarization within 71°
domain walls3%. Hence it becomes apparent that there are two
chiral textures at play within the BiFeO;/DyScO; samples under
investigation in this work.

Furthermore, under higher compressive strain, the cycloid
breaks and is replaced by G-type anitferromagnetic order?40. A
similar scenario is also encountered in BiFeO; films grown
directly on SrTiO3 (001),, or SrTiO; (111),. wherein the cycloidal
order is absent*0-42. Curiously, a periodic domain pattern is also
missing in such samples which certainly hints towards its
necessity for the manifestation of an ordered or harmonic spin
cycloid arrangement. Precisely this aspect has been also observed
with BiFeO; films grown on DyScOj, albeit with mosaic domain
pattern. Mdssbauer spectroscopy was implemented to confirm
that despite favorable epitaxial strain, a mosaic-like domain
pattern is associated with an anharmonic cycloidal order due to
significantly higher density of domain walls*>. Therefore, it can be
postulated that in such mosaic-like domain patterns the domain-
specific light interaction, and anomalous CBPV effect, will be also
substantially suppressed. We attempted to assess this condition
with BiFeO; sample grown directly on SrTiO; and of similar
thickness (Supplementary Fig. 9). The presence of four domain
variants culminates in a mosaic-like domain pattern. A distinct
LBPV response was measured and the results are in agreement
with our previous study. However, the difference between the
responses acquired with RCP and LCP light is around 2.5 V
which is much less than measured in samples with stripe-like
domain pattern (40V in Fig. 2¢/3b).

Discussion. In this work we have demonstrated the photo-
voltaic response in BiFeO; under illumination with CP light.
The periodic array of domains was critical for the observation
of some rather compelling characteristics. Initially, as the
polarization of the light was gradually varied from linear to
elliptical to circular, the photovoltaic response was found to be
notably higher for the elliptical polarization. The overall

response was found to be a sum of contributions arising form
linear and circular BPV effect. A modified setup allowed us to
separate the resultant photovoltaic effect into its distinct
contributions.

Analysis of the CBPV response with the associated tensors
explicitly suggests the anomalous character of the BPV effect and
the necessity of helicity-dependent interaction of light with
domain variants. Recent studies have shown that films with
periodic domain arrangement exhibit a magnetic texture formed
by the regular arrangement of spin cycloid, orthogonally
connected with the polarization vector of each domain. This
chiral magnetic texture could be the origin of the differential
light-domain interactions. As a matter of fact, analogous
principles are also utilized to investigate the profile of the
magnetic order and unambiguously differentiate between chiral
and non-chiral arrangement?’. However, the metallicity of the
material itself restricts the usable wavelength to only X-rays in
scattering mode. Other modes such as reflection and fluorescence
have been also employed based on the insulating character of the
material. In this regard, BiFeO; presents some apparent
advantages. First, the bandgap of BiFeO; falls within visible
range and a photon energy of 3.06 eV is sufficient for the BPV to
arise, providing a direct evidence of light-matter interaction.
Second, the periodic arrangement of domains in thin films
essentially also assists in achieving a connected chiral antiferro-
magnetic order. The overlap of these two aspects presents a
probable explanation for the observed effects.

Methods

Pulsed laser deposition (PLD) growth. The BiFeO; thin films were grown on
single-crystalline DyScO3 (110) 0.y, and SrTiO; (001). substrates using a pulsed
laser deposition system (SURFACE PLD-Workstation). During deposition, the
substrate was kept at 625 °C and exposed to an oxygen partial pressure of 0.145
mbar. The distance between the stochiometric ceramic BiFeOj; target and the
substrate is set to 60 mm. The KrF excimer laser was set to energy densities in the
range of 1.2—1.34] cm~2 with a pulse frequency of 2Hz.

Piezo-response force microscopy (PFM). PFM images were acquired with a Park
NX10 system combined with an external lock-in amplifier (Zurich Instruments).

The AC voltage (3 V, 20 kHz) was applied through a cantilever equipped with a

platinum-coated tip (MikroMasch NSC 14).

Device fabrication. A conventional photolithography process has been used to
structure the rectangular top electrode pairs (950 x 400 um?2, 40 um spacing). A
subsequent evaporation with platinum-palladium alloy (Pt:Pd 80:20) with a
thickness of ~70 nm were achieved using a DC sputter machine.

Photoelectrical measurements. A high impedance electrometer (Keithley 6517B)
acted as a voltage source (IV-characteristics, switching voltage) and simultaneously
measured the current. The samples were illuminated by a diode laser (Cobolt 06
MLD) with a wavelength of 405 nm and 30 mW power.

Raman spectroscopy. Spatial-resolved Raman scattering experiments were
recorded using a confocal Raman microscope setup (Renishaw, inVia) which was
equipped with a 532 nm laser as excitation source, notch filter, a turnable grating
(1800 lines mm™!), and a CCD camera. Circular laser polarization was provided by
inserting a quarter-wave plate into the excitation laser beam. A x100 objective was
used to focus the laser spot (1 um) on the sample and to collect the scattered
Raman light, respectively. A spatial resolution below the laser spot size was
achieved by using the StreamLine™ high-resolution mode of the Raman instru-
ment. In this mode, an increased spatial resolution is achieved by reducing the
read-out area of the CCD detector during signal recording. Prior to the mea-
surement, the instrument was calibrated to a band at 520.4 cm™! of a poly-
crystalline silicon disc. The sample was placed on a xy-stage (Renishaw) and an
area of 7.6 x 7.6 um? was scanned using streamline-high resolution mode. The laser
intensity was set to 5% (~1.5mW) and spectra between 100 and 700 cm™~! were
recorded for 2 s per measurement point. Data were analyzed by a principle com-
ponent analysis (PCA) with two components using the WiRE 3.4 software
(Renishaw).
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The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 7 July 2020; Accepted: 1 December 2020;
Published online: 12 January 2021

References

1. Bhatnagar, A., Roy Chaudhuri, A., Heon Kim, Y., Hesse, D. & Alexe, M. Role
of domain walls in the abnormal photovoltaic effect in BiFeO;. Nat. Commun.
4, 143 (2013).

2. Knoche, D. S. et al. Domain and switching control of the bulk photovoltaic
effect in epitaxial BiFeO; thin films. Sci. Rep. 9, 13979 (2019).

3. Pintilie, L., Vrejoiu, L, Le Rhun, G. & Alexe, M. Short-circuit photocurrent in
epitaxial lead zirconate-titanate thin films. J. Appl. Phys. 101, 064109 (2007).

4. Yang, S. Y. et al. Above-bandgap voltages from ferroelectric photovoltaic
devices. Nat. Nanotechnol. 5, 143-147 (2010).

5. Sturman, P. J. & Fridkin, V. M. Photovoltaic and Photo-refractive Effects in
Noncentrosymmetric Materials (Taylor & Francis Ltd, 1992).

6. Zhang, Y, de Juan, F.,, Grushin, A. G,, Felser, C. & Sun, Y. Strong bulk
photovoltaic effect in chiral crystals in the visible spectrum. Phys. Rev. B 100,
245206 (2019).

7. Li, J. & Haney, P. M. Circular photogalvanic effect in organometal halide
perovskite CH;NH;Pbls. Appl. Phys. Lett. 109, 193903 (2016).

8. Liu, X. et al. Circular photogalvanic spectroscopy of rashba splitting in 2d
hybrid organic-inorganic perovskite multiple quantum wells. Nat. Commun.
11, 323 (2020).

9. Ivchenko, E. L. & Pikus, G. E. New photogalvanic effect in gyrotropic crystals.
Sov. J. Exp. Theor. Phys. Lett. 27, 604 (1978).

10. Belinicher, V. Space-oscillating photocurrent in crystals without symmetry
center. Phys. Lett. A 66, 213-214 (1978).

11. Asnin, V. M. et al. Observation of a photo-emf that depends on the
sign of the circular polarization of the light. ZhETF Pisma Redaktsiiu 28,
80-84 (1978).

12. Belinicher, V. I. & Sturman, B. I. The photogalvanic effect in media lacking a
center of symmetry. Sov. Phys. Uspekhi 23, 199-223 (1980).

13. Rashba, E. Properties of semiconductors with an extremum loop. 1. cyclotron
and combinational resonance in a magnetic field perpendicular to the plane of
the loop. Sov. Phys. Solid State 2, 1109-1122 (1960).

14. Ogawa, N., Bahramy, M. S., Kaneko, Y. & Tokura, Y. Photocontrol of
dirac electrons in a bulk rashba semiconductor. Phys. Rev. B 90, 125122
(2014).

15. Zhang, Q. et al. Strong circular photogalvanic effect in ZnO epitaxial films.
Appl. Phys. Lett. 97, 041907 (2010).

16. Weber, W. et al. Demonstration of rashba spin splitting in gan-based
heterostructures. Appl. Phys. Lett. 87, 262106 (2005).

17. Niesner, D. et al. Structural fluctuations cause spin-split states in tetragonal
CH;NH;Pbl; as evidenced by the circular photogalvanic effect. Proc. Natl
Acad. Sci. USA 115, 9509-9514 (2018).

18. Kubel, F. & Schmid, H. Structure of a ferroelectric and ferroelastic
monodomain crystal of the perovskite BiFeOs. Acta Crystallogr. Sect. B Struct.
Sci. B46, 698-702 (1990).

19. Sando, D. et al. Revisiting the optical band gap in epitaxial BiFeOj thin films.
Adv. Optical Mater. 6, 1700836 (2018).

20. Johann, F., Morelli, A., Biggemann, D., Arredondo, M. & Vrejoiu, 1.
Epitaxial strain and electric boundary condition effects on the
structural and ferroelectric properties of BiFeO; films. Phys. Rev. B 84, 094105
(2011).

21. Solmaz, A. et al. Domain selectivity in BiFeOs thin films by modified substrate
termination. Adv. Funct. Mater. 26, 2882-2889 (2016).

22. Yun, Y., Ramakrishnegowda, N., Park, D.-S. & Bhatnagar, A. Long range
ordering of 71° domain walls in epitaxial BiFeOj; thin films. Appl. Phys. Lett.
113, 042901 (2018).

23. Zhao, T. et al. Electrical control of antiferromagnetic domains in
multiferroic BiFeO; films at room temperature. Nat. Mater. 5, 823-829
(2006).

24. Sando, D. et al. Crafting the magnonic and spintronic response of BiFeO;
films by epitaxial strain. Nat. Mater. 12, 641-646 (2013).

25. Gross, 1. et al. Real-space imaging of non-collinear antiferromagnetic order
with a single-spin magnetometer. Nature 549, 252-256 (2017).

26. Haykal, A. et al. Antiferromagnetic textures in BiFeO5 controlled by strain and
electric field. Nat. Commun. 11, 1704 (2020).

27. Diirr, H. A. Chiral magnetic domain structures in ultrathin FePd films. Science
284, 2166-2168 (1999).

28. Uecker, R. et al. Properties of rare-earth scandate single crystals (Re = Nd-
Dy). J. Cryst. Growth 310, 2649-2658 (2008).

29. Fridkin, V. M. Photoferroelectrics, vol. 9 of Springer series in solid-state sciences
(Springer-Vlg, Berlin and New York, 1979).

30. Picozzi, S. Ferroelectric rashba semiconductors as a novel class of
multifunctional materials. Frontiers in Physics 2, 10 (2014).

31. Barron, L. D. Molecular Light Scattering and Optical Activity, vol. 39
(Cambridge University Press, 2009).

32. Talkenberger, A. et al. Raman spectroscopic investigations of epitaxial BiFeO3
thin films on rare earth scandate substrates. J. Raman Spectrosc. 46, 1245-1254
(2015).

33. Himcinschi, C. et al. Ferroelastic domain identification in BiFeOj; crystals
using raman spectroscopy. Sci. Rep. 9, 379 (2019).

34. Sander, A., Christl, M., Chiang, C.-T., Alexe, M. & Widdra, W. Domain
imaging on multiferroic BiFeO; (001) by linear and circular dichroism in
threshold photoemission. J. Appl. Phys. 118, 224102 (2015).

35. Sosnowska, I., Neumaier, T. P. & Steichele, E. Spiral magnetic ordering in
bismuth ferrite. Phys. Lett. A 15, 4835-4846 (1982).

36. Lebeugle, D. et al. Electric-field-induced spin flop in BiFeOj; single crystals at
room temperature. Phys. Rev. Lett. 100, 227602 (2008).

37. Johnson, R. D. et al. X-ray imaging and multiferroic coupling of cycloidal
magnetic domains in ferroelectric monodomain BiFeOj;. Phys. Rev. Lett. 110,
217206 (2013).

38. Chauleau, J.-Y. et al. Electric and antiferromagnetic chiral textures at
multiferroic domain walls. Nat. Mater. 19, 386-390 (2020).

39. Agbelele, A. et al. Strain and magnetic field induced spin-structure transitions
in multiferroic BiFeOs. Adv. Mater. 29, 1602327 (2017).

40. Bertinshaw, J. et al. Direct evidence for the spin cycloid in strained nanoscale
bismuth ferrite thin films. Nat. Commun. 7, 12664 (2016).

41. Bai, F. et al. Destruction of spin cycloid in (111).-oriented BiFeOj; thin films
by epitiaxial constraint: enhanced polarization and release of latent
magnetization. Appl. Phys. Lett. 86, 032511 (2005).

42. Béa, H,, Bibes, M., Petit, S., Kreisel, ]. & Barthélémy, A. Structural
distortion and magnetism of BiFeOj; epitaxial thin films: a raman
spectroscopy and neutron diffraction study. Philos. Mag. Lett. 87, 165-174
(2007).

43. Sando, D. et al. Interfacial strain gradients control nanoscale domain
morphology in epitaxial BiFeO; multiferroic films. Adv. Funct. Mater. 30,
2000343 (2020).

Acknowledgements

We thank Prof. Kathrin Dérr and Dr. Diana Rata for the X-ray measurements, Marian
Lisca for the technical support, Dr. Bodo Fuhrmann and Dipl.-Phys. Sven Schlenker for
their support with the facilities at the Interdisziplindre Zentrum fiir Materi-
alwissenschaften (IZM). Financial support from Bundesministerium fiir Bildung und
Forschung (BMBF) Project No. 03Z22HN12, Deutsche Forschungsgemeinschaft (DFG)
within Sonderforschungsbereiche (SFB) 762 (project A12), and Europiischen Fonds fiir
regionale Entwicklung (EFRE) Sachsen-Anhalt is gratefully acknowledged.

Author contributions

A.B. and D.S.K. designed and conceived the experiments. D.S.K. was responsible for thin
film growth, PFM analysis, and photoelectric measurements. Y.Y. and L.M. participated
in structural characterization. M.S. performed the Raman scattering experiments. A.B.
and D.S.K. co-wrote the manuscript with inputs from all the co-authors

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20446-z.

Correspondence and requests for materials should be addressed to A.B.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

| (2021)12:282 | https://doi.org/10.1038/s41467-020-20446-z | www.nature.com/naturecommunications 7



https://doi.org/10.1038/s41467-020-20446-z

https://doi.org/10.1038/s41467-020-20446-z

http://www.nature.com/reprints

www.nature.com/naturecommunications

www.nature.com/naturecommunications



ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-020-20446-2

Open Access This article is licensed under a Creative Commons
By

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

8 NATURE COMMUNICATIONS | (2021)12:282 | https://doi.org/10.1038/s41467-020-20446-z | www.nature.com/naturecommunications



http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

www.nature.com/naturecommunications



		Anomalous circular bulk photovoltaic effect in BiFeO3 thin films with stripe-domain pattern

		Results

		Thin-film growth and characterization

		Bulk photovoltaic effect

		Linear to circular bulk photovoltaic effect

		Analysis of the CBPV and differential light interaction

		Discussion



		Methods

		Pulsed laser deposition (PLD) growth

		Piezo-response force microscopy (PFM)

		Device fabrication

		Photoelectrical measurements

		Raman spectroscopy



		Data availability

		References

		Acknowledgements

		Author contributions

		Funding

		Competing interests

		Additional information









"Knoche et al. - Anomalous Circular Bulk Photovoltaic Effect in BiFeO3 Thin Films with Stripe-Domain Pattern.pdf"


5. Anomalous Circular BPV Effectin BiFeO3; Thin Films with Stripe-Domain Pattern

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20446-z

reaching implications that have been till now demon-

strated. The obvious ones include the realization of junc-
tion free-photovoltaic modules!, and tracing polarization
components, both in-plane? and out-of-plane?, via non-
destructive methodologies. Generation of above bandgap open-
circuit voltage (V,.) under suitable illumination is another out-
come which has garnered immense attention%. The underlying
symmetry-driven charge-separation mechanism is even more
enticing which has fueled research for materials with broken
inversion symmetry. Conversely, the effect itself has been also
utilized to detect the status of inversion symmetry in a wide range
of materials such as oxides, topological insulators®, and
inorganic-organic perovskites”$. In this context, the circular bulk
photovoltaic effect (CBPV) is of particular interest. In general, the
photovoltaic effect in materials without inversion symmetry can
be resolved into two parts, linear and circular®. Much of the work
till now has been focused on the linear bulk photovoltaic effect
(LBPV) wherein the resulting photovoltaic current depends on
the orientation of the linearly polarized (LP) light®.

The CBPV, on the other hand, results in a photocurrent which
depends on the helicity of the CP light>-12. An essential pre-
requisite for the manifestation of such an intriguing phenom-
enon, apart from the absence of inversion symmetry, is a split in
the conduction or valence band of the material in reciprocal
space, which is also known as Rashba and Dresselhaus
effect’>1113, As a result, light of a given helicity excites charges
with spin up 1, while of opposite helicity charges of spin down |.
Consequently, the CBPV has been often utilized as probing
methodology to detect Rashba splitting in different bulk material
systems such as BiTeBr!4 and ZnO!%, and even in hetero-
structures comprising of AlGaN-GaN16, In addition, measure-
ments of the CBPV have been instrumental in confirming the
absence of inversion symmetry in different organic-inorganic
perovskite-structured systems, which has assisted in the pursuit of
finding the origin of charge separation mechanisms in these
materials system!”.

Therefore, it is rather intriguing that the CBPV has never been
investigated in BiFeO;, although all the essential criteria are
evidently satisfied. The rhombohedral polar space group R3c of
bulk BiFeO; leads to ferroelectricity!® and the existence of the
LBPV. The crystal symmetry also allows gyrotropy and thus the
CBPV should be observable in BiFeO;°. This becomes more
interesting with BiFeO; having a bandgap (E; =~ 2.7eV)!® which
lies within the visible range of solar spectrum and a corre-
sponding photovoltaic effect that has been shown to be governed
by the symmetry.

The re-discovery photovoltaic effect in ferroelectrics has far

The ferroelectric domain arrangement can be engineered in a
periodic array by tuning growth conditions, such as substrate sym-
metry20 and termination?!, gas pressure, and related composition2.
The room temperature multiferroic character of BiFeO; manifests in
a rather intricate coupling between the polarization vector and
magnetic order?3. Consequently, the control of the magnetic order by
the application of electric fields has been predicted and demonstrated
successfully in thin film-based devices. Furthermore, the magnetic
order in BiFeO; is currently under intense investigation which
exhibits a non-collinear antiferromagnetic spin cycloidal structure
and is a potential candidate for future antiferromagnetic spintronic
devices’®. An in-depth view of the magnetic order was recently
provided that explicitly illustrated the existence of spin cycloids
within each domain having a propagation vector aligned orthogonal
to the polarization?®. Consequently, the periodic ferroelectric domain
pattern essentially renders an equally ordered magnetic texture of
BiFeO; thin films grown on a variety of different substrates®®. This
evidently presents some interesting opportunities to analyze domain-
specific light-matter interactions, inherent to materials which have
chiral textures?’. Therefore, it becomes apparent that BiFeOs thin
films provide a lucrative landscape to study the overlap of these
rather discrete aspects.

In this work, we investigate the CBPV in epitaxially grown
BiFeOj; thin films. The LBPV is first utilized to establish the
photovoltaic activity of the samples with V,. well above the
bandgap. The BPV is investigated systematically by modulating
the polarization of the light from linear to circular. A changed CP
light helicity (left <> right) generates V. of opposite polarities,
albeit with nearly half of the magnitude in comparison to the
maximum response under LP light. Analysis of the response with
the CBPV tensor suggests a rather compelling scenario involving
domain-specific interaction of the CP light. This aspect is tested
with different measurement geometries which results in a switch-
like state exhibiting a chirality-dependent ON and OFF state of
the photovoltaic effect. Spatially-resolved Raman measurements,
and related analysis, further bolster the arguments.

Results

Thin-film growth and characterization. BiFeO; thin films with a
thickness of around 200 nm were deposited on single-crystalline
DyScO; (110)4,4, substrates using a pulsed laser deposition sys-
tem. Further details on sample growth can be found in the
Methods sections. The topography of the resultant samples
appears to be smooth (root-mean-square roughness Ry = 850 pm)
with stripes along [100],. as shown in Fig. 1a. The lateral signal,
phase (Fig. 1b), and amplitude, acquired from piezo force
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Fig. 1 Domain and structural characterization of BiFeOj thin film. a Surface morphology visualized using atomic force microscopy (R, ~ 850 pm) and b
corresponding in-plane PFM phase image (cantilever aligned along [100],, 7.5% 7.5 um2). Red arrow indicates the in-plane net polarization resulting from
the stripe-ordered domain arrangement of only two polarization variant P and Pg shown schematically in ¢. d X-Ray diffraction 26 — @ scan around (002),,
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microscopy (PFM) reveal a periodic domain pattern and the
domains stretch across the entire width of the scan (7.5 um) on
many instances. The striped domain arrangement reveals an
average period length around 170 nm in [100],.. As the vertical
signal from PFM was largely consistent in color (Supplementary
Fig. 1), the existence of only two variants, out of the eight pos-
sible, which are separated by 71° domain walls can be implied.
This periodic arrangement of stripe domains lead to a resulting
net polarization in [101],.. The crystallinity and phase purity
of the samples were confirmed by X-ray analysis and a 20 — w
scan around the [002],. substrate peak is presented in Fig. 1d.
Because of the mismatch between the lattice parameter of the
film agpo pe = 3.965 A% and the substrate apgo pc = 3.946 A,
bpso,pe = 3.952 A28 an anisotropic compressive strain is implied
during the epitaxial thin film growth. The respective mismatch
between the in-plane lattice constant of —0.33% and —0.48%
leads to a resultant increased out-of-plane lattice constant of
BiFeO; cpropec = 3.991 A. The value is in agreement with other
studies wherein, similar ¢ and strain were observed due to the
largely identical in-plane lattice constants of the BiFeOj; film and
DyScOs substrates 2%-20,

Bulk photovoltaic effect. The samples were first measured with
LP light with a wavelength of 405 nm (3.06 eV). In Fig. 2a, the
measurement geometry is schematically depicted with electrodes
running along x-direction perpendicular to the domain walls. The
generated photovoltaic current (density) j* for an ordered striped
domain arrangement with 71° domain walls can be described with
following equation (DetaiIS' Supplementary Fig. 2/Egs. (1)-(15)):

(vt o )+ (0 )
(&_h_ﬁ_s_ ﬁl‘) sin(26) (1)

Lo
Ji=1 3V3  3V3 3V6 ' 6V3

(zﬁz%ﬂi,&,ﬁ)
3v6 1 3W3 33 33

wherein I is the light intensity, [31 are the LBPV coefficients,
and 6 is the angle describing the rotation of the electric field plane
of the LP light around the z-axis. The rotation is achieved by
using a half-wave () plate.

The measured values of the photovoltaic current (density) in y-
direction are largely similar to the previously reported values!-2.
The dependency on the light orientation 6 match qualitatively the
predicted sinusoidal response in Eq. (1) and confirms the
dominance of the BPV. In addition, the photovoltaic effect was
found to be switchable in its characteristics as electric fields above
the coercive field were applied across the electrodes. The resultant
response largely mimics ferroelectric switching which further
validates the dominance of ferroelectric/bulk photovoltaic effect
in these samples (Supplementary Fig. 3). It must be emphasized
here that the magnitude of photovoltaic current scales up linearly
with the intensity of light. On the contrary, the V. should remain
constant above a threshold light intensity2?. We also tested this
condition by gradually scaling up the light intensity and observed
a distinct saturation of V,. above a certain intensity of light.
Furthermore, the current-voltage characteristics are linear with an
unchanged slope for different light orientation 0 (Supplementary
Fig. 4/5) Therefore, both j; and V. can be used to describe the
observed photovoltaic effect, however, because of the insensitivity
towards slight light intensity changes, from hereon, only the
extracted values of V. will be presented.

The photovoltaic current (density) originating from the CBPV

j¢ depends on the helicity of the CP light (Details: Supplementary

Egs. (16)-(23)):

0
1
Lop: 17 = | 45 (20)
0
I 0
Rep: 10— | )
0

wherein j*F and jR°F are the generated CBPV current density

under illumination with left-handed circularly polarized (LCP)
and right-handed circularly polarized (RCP) light, respectively.
For both light chiralities, the current depends on the light
intensity I and the CBPV coefficient . The current in x- and z-
direction is zero, whereas in y-direction reverses its direction
from LCP to RCP light.
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Fig. 2 Photoelectrical measurements revealing LBPV and CBPV in BiFeO; thin films. a Schematic of the experimental setup (not to scale): A % plate is
used to rotate the orientation of the incoming LP light (rotation described by 8). The light propagates in z-direction and the electrodes run along the x-
direction to enable photoelectrical measurements in y-direction. b LBPV measurement: V,. and jy as a function of the light orientation 6. The two-sided
arrows indicate the orientation of LP light. ¢ CBPV measurement: & 7 plate placed before 4 5 plate to enable modification of the light polarization state. The flip
of the light helicity due to the presence of the 4 5 plate is conSIdered in the experimental data. V.. as a function of the 4 7 Plate orientation ¢. The light
polarization varies from linear (¢ € {+5,0}), to elliptical (¢ ¢ {+Z, + %,0}) and to circular (¢ € {+Z}). The helicity of the light polarization changes from
left-handed (=3 < ¢ < 0) (blue) to right-handed (0 < ¢ < 5) (red). The overall V,, can be divided into the contribution from the CBPV (yellow solid line) and
the LBPV (black solid line).
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A quarter-wave (%) plate was used to change the light
polarization. The angle between the the fast axis of the % plate
and the polarization plane of incident LP light is defined as ¢. A
variation in ¢ apparently modulates the circularity of the light
following P, = sin(2¢). As ¢ is varied, the light polarization
gradually changes from linear to elliptical, and eventually to
circular at ¢ = +£%. The V. as a function of ¢ is presented in
Fig. 2c. The corresponding light polarization is shown in the
schematic above. The V, peaks at ¢ = +Z with a corresponding
magnitude of +27V, which is in the regime of elliptical light
polarization. The elliptical polarization can be considered as a
sum of linear and circular polarization, and consequently, the net
measured response is a sum of contributions from LBPV
and CBPV. The CBPV response scales up linearly with P,
which makes it possible to extract the respective contribution
(yellow solid line, V_ cppy(¢) = 21.3V sin(2¢)) from the overall
response. The LBPV contribution (black solid line) can be
obtained by subtracting the CBPV contribution from the
overall response. This was confirmed by an additional measure-
ment conducted with the outcoming light polarization rotated
by 90°. The extracted LBPV contribution is shifted while
the CBPV contribution remains unchanged (Supplementary
Fig. 6).

Similar responses have been also reported in Tellurium®!l, in
BiTeBr'4, and more recently in organic-inorganic halide
perovskites®. In all of these materials systems, the extreme values
appear at ¢ = +7% corresponding to LCP and RCP light. This can
be attributed to spin splitting and the excitation of carriers either
in kx>0 or k,<0 by LCP and RCP light, respectively. The
eventual relaxation of the carrier to the corresponding bottom
and top of conduction and valence band, respectively, results in
photocurrent of opposite direction under illumination with RCP
and LCP light, respectively®30. However, this not the case in
our measurements wherein the maximum response appears at
¢ = £% because of the superimposed contribution from
the LBPV.

Linear to circular bulk photovoltaic effect. In order to distinctly
differentiate between the responses arising from LBPV and
CBPV, we modified the setup by replacing the %plate with a Berek
compensator (tunable wave plate). This allowed us to obtain light
polarization with different ellipticity ratios ¢ ranging from &=~ 1

(CP light) to > 300 (LP light) without rotating the main axis of
the light polarization ellipse (||[[001],., see Fig. 3d). Details about
the light polarization characterization can be found in Supple-
mentary Fig. 7. A subsequent % plate enabled the clockwise
rotation of the out-coming light by an angle 6 (compare Fig. 2b).

In the first instance, identical geometry as depicted in Fig. 2
was used (electrodes || x-direction). Fig. 3b shows the V. as a
function of 6 for light with different . The LP light (&> 300)
generates an expected sinusoidal response with maximum V,. =
+19.2V (Compare Fig. 2b, Eq. (1)). Interestingly, the right-
handed elliptically polarized (EP) light (with ¢ = 3, ¢ = 10) results
in higher maxima of around 27.6V (Compare Fig. 2¢), and the
response is visibly less dependent on 6. As ¢ is further reduced to
1, the angle 6 is rendered redundant and a consistent V. of
20.6 V is observed. Conversely, this also signifies the precession of
the CP light. As the helicity of light is changed from right to left,
the response of generated V. follows a similar trend, but with
negative polarity. The results with this setup reveal a more
detailed insight into the individual contributions arising from
LBPV and CBPV. The results are also in coherence with those
shown in Fig. 2c and Eq. (2a). The direction of the V. arising
from the CBPV depends on the helicity of the light polarization.

The same measurements were repeated with a different pair of
electrodes which were fabricated to measure the response in x-
direction. The LBPV response follows now a cosinusoidal relation,
instead of sinusoidal, which agrees with Eq. (1). It exhibits higher
Voc maxima of around 54V at 6 e {Z,3} (Fig. 3c). Upon
illumination with EP light, the maximum V. values drop but
remain alike for opposite helicity, i.e., for left-handed and right-
handed EP light. The trend continues for the CP light as the V.
values remain independent of the helicity of the light and are
around 20V. This is rather surprising for two reasons. Firstly, the
substantial response measured in x-direction completely contradicts
Eq. (2b), according to which response to CP light should be zero.
And secondly, the response is independent of the light helicity.

To analyze this anomaly, we shift our focus to the individual
CBPV responses arising from each of the two domain variants.
The responses are summarized in Table 1 comprising Equation
(3a)-(3d). Interestingly, the calculated current originating from
the CBPV is perpendicular to corresponding polarization vector,
i.e, for domain variant Py with polarization pointing in [111],,
RCP and LCP light leads to a photovoltaic current in [ITO]PC and
[110],c, respectively.
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compensator (tunable waveplate) to set arbitrary polarization state of the light £ with a subsequent% plate to rotate the orientation of the light polarization
by 6. V.. as a function of the light polarization orientation @ for different light polarization states measured in b y-direction and ¢ x-direction. Right- and left-
handedness of light is colored red and blue, respectively. The light polarization state as varied from linear (¢>300) over two elliptical (¢ %10, e~ 3) to

circular (e ~ 1) light polarization.
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Also, it is imperative to state that the tensorial assessment is
based on a presumption that, both, RCP and LCP light interact
equally with domains exhibiting different polarization variants P
and Pr. However, an alternative situation can be also presumed
wherein RCP light interacts with only domains of one explicit
domain variant, in this case Pg, while LCP light interacts with
domains of the other variant. In this case, the photovoltaic response
in y-direction will exhibit opposite polarity under RCP and LCP
light, while, will be identical and non-zero in x-direction. This is in
complete coherence with the experimental findings.

Analysis of the CBPV and differential light interaction. Based
on the analytical assessment, we designed a measurement geometry
to focus separately on the CBPV response from each variant under
LCP and RCP light. Electrodes were engineered at an angle of +45°
with respect to the domain walls. In doing so, the electrodes are
aligned parallel to the projection of the polarization vector of Py or Px
in the xy-plane, while the in-plane projection of the other variant is
orthogonal to the electrode. Keeping in perspective the calculated
response given in Table 1, the expected V., arising from variant Py,
and Py are schematically shown in Fig. 4a. For the —45° electrode
geometry, the LCP light should provoke a considerable photovoltaic
response, whereas with RCP the response should vanish. A reversed

Table 1 CBPV contribution from each ferroelectric domain
variant.

Right-handed Left-handed

circularly polarized circularly polarized

light RCP O light LCP O
Domain RCP.P 15, + Ga) LCP.P, 15, - (b
variant i =254 1 Ji =55+
P 0 0
Domain RCP.P IG5, -l G ACPPy  _ IBS + Gd
variant i =551 Ji =55+
P 0 0

Calculated CBPV response for the different domain variants P, and P under illumination with
RCP and LCP light, respecﬂvele/. With respect to presumed the domain-specific light interaction,
the CBPV current densities j‘R i (Equation 3a) and j‘m P (Equation 3d) vanish. The resulting
CBPV response consists out ofj‘LCP‘E (Equation 3b) generated in P, under LCP light illumination
and - (Equation 3c) generated in Py under RCP light illumination. NOTE: Direction of Vo is
antiparallel to the direction of j; (Compare Fig. 2b).

behavior is expected in the +45° electrode geometry. This scenario
is confirmed experimentally. It is amply evident that in the —45°
configuration depicted in the Fig. 4b only LCP light results in a
substantial V,,. of 26.0V, while the RCP light induces a V. of neg-
ligible magnitudes ( — 0.9V). In the +45° configuration, instead of
LCP, the RCP results in a V. of 25.0V and LCP induces a mini-
malistic V. of —0.9V (Fig. 4c). The experimental findings agree with
the scenario derived from the tensorial analysis in Table 1 and
schematically demonstrated in Fig. 4a.

The agreement evidently suggests the need of differential
interaction between CP light and domain variants. The interac-
tion could be either involving absorption, i.e., circular dichro-
ism (CD), or scattering. We conducted Raman scattering
experiments similar to Raman optical activity (ROA) measure-
ments. ROA is a known tool to investigate circular dichroic
behavior3!. Details about the Raman experiments can be found in
the Supplementary Discussion and in the Methods section.
Spatially-resolved Raman scattering experiment with CP light
excitation in combination with principle component analysis
(PCA) enabled the visualization of the ferroelectric domain
arrangement, which was also confirmed by PFM measurements of
the same region on the sample (Supplementary Fig. 8). Because of
the usage of CP light, the observed changes in the Raman spectra,
unlike other Raman scattering experiments (using LP light
excitation)3>33, cannot be explained by a different orientation of
the light towards each domain variants. The change must
originate from a differential interaction of CP light and the
different domain variants and therefore, the Raman experiments
further strengthen the presumed domain-specific light
interaction.

However, it is imperative to mention that domain-selective light
absorption, i.e. CD, cannot be ruled out and is a plausible scenario.
As a matter of fact, differential circular dichroic behavior has been
reported in poly-domain BiFeO; single crystal using (polarized)
photo electron emission microscopy (PEEM)34. But the investiga-
tion of the dichroic behavior in domains with widths of only a few
hundreds of nanometers is challenging because of the limited
spatial resolution of typical characterization methods.

Nevertheless, the differential light-domain interactions
(absorption or scattering) are an outcome of chirality. In the
case of BiFeQ;, the crystal structure itself does not posses any
chirality. However, a chiral order linked with the existence of a

(o2
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Fig. 4 Electrode alignments to show dominance of LCP over RCP response and vice versa. a Direction of V,. based on the proposed scenario above to
describe the observed CBPV response (Equation 3b/3c in Table 1). The red and blue arrows implicate the direction of the V.. corresponding to RCP and
LCP light, respectively. V.. as a function of % plate orientation ¢ measured with electrodes aligned along b[ﬁO]Dc (—45°). and c[110], (+45°).
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cycloidal antiferromagnetic spin texture has been concluded from
neutron diffraction measurements in BiFeO; ceramics>®. This was
also confirmed with neutron scattering®® and hard X-ray
magnetic scattering measurements®’ in single-crystalline BiFeOs.
Very recent studies conducted with nitrogen-vacancy magneto-
metry, and involving BiFeOj; thin films, have explicitly revealed
the alignment of antiferromagnetic order in the form of cycloid
which in simple terms can be perceived as a periodic magnetic
object with a chiral character. The spin cycloid propagates within
individual and periodically arranged ferroelectric domains in
BiFeO3/DyScOs5 thin films?>20-38, The propagation vector of the
cycloid remains perpendicular to the direction of ferroelectric
polarization in each domain. Therefore, in a periodic domain
pattern, of the kind utilized here, the propagation direction of the
spin cycloid sequentially changes from one domain to the other
by 90°. Furthermore, the configuration of the cycloid was found
to be particularly sensitive to the strain in the film arising from
the mismatch between the in-plane lattice parameters of the
BiFeOj; and substrates2°. As a result, compressive strain of around
0.35% forces the propagation vector of cycloid to remain in the
(111), plane, while under tensile strain the vector is restricted to
(110),.242639, From the state of strain and domain arrangement
in the BiFeO;/DyScO; thin films analyzed in this study, the
existence of spin cycloid can be postulated. Presuming a chirality
flip associated with different cycloidal propagation direction, the
observed behavior could arise from the differential interaction of
CP light with the chiral magnetic texture, as has been also
observed with soft resonant elastic X-ray scattering
experiments2®38. Interestingly, a recent work has also demon-
strated chiral arrangement of electric polarization within 71°
domain walls38. Hence it becomes apparent that there are two
chiral textures at play within the BiFeO3/DyScO; samples under
investigation in this work.

Furthermore, under higher compressive strain, the cycloid
breaks and is replaced by G-type anitferromagnetic order?440. A
similar scenario is also encountered in BiFeO; films grown
directly on SrTiOj; (001), or SrTiO; (111),. wherein the cycloidal
order is absent*0-42, Curiously, a periodic domain pattern is also
missing in such samples which certainly hints towards its
necessity for the manifestation of an ordered or harmonic spin
cycloid arrangement. Precisely this aspect has been also observed
with BiFeO; films grown on DyScO3, albeit with mosaic domain
pattern. Mossbauer spectroscopy was implemented to confirm
that despite favorable epitaxial strain, a mosaic-like domain
pattern is associated with an anharmonic cycloidal order due to
significantly higher density of domain walls*3. Therefore, it can be
postulated that in such mosaic-like domain patterns the domain-
specific light interaction, and anomalous CBPV effect, will be also
substantially suppressed. We attempted to assess this condition
with BiFeO; sample grown directly on SrTiO; and of similar
thickness (Supplementary Fig. 9). The presence of four domain
variants culminates in a mosaic-like domain pattern. A distinct
LBPV response was measured and the results are in agreement
with our previous study. However, the difference between the
responses acquired with RCP and LCP light is around 2.5 V
which is much less than measured in samples with stripe-like
domain pattern (40V in Fig. 2¢/3b).

Discussion. In this work we have demonstrated the photo-
voltaic response in BiFeO; under illumination with CP light.
The periodic array of domains was critical for the observation
of some rather compelling characteristics. Initially, as the
polarization of the light was gradually varied from linear to
elliptical to circular, the photovoltaic response was found to be
notably higher for the elliptical polarization. The overall

response was found to be a sum of contributions arising form
linear and circular BPV effect. A modified setup allowed us to
separate the resultant photovoltaic effect into its distinct
contributions.

Analysis of the CBPV response with the associated tensors
explicitly suggests the anomalous character of the BPV effect and
the necessity of helicity-dependent interaction of light with
domain variants. Recent studies have shown that films with
periodic domain arrangement exhibit a magnetic texture formed
by the regular arrangement of spin cycloid, orthogonally
connected with the polarization vector of each domain. This
chiral magnetic texture could be the origin of the differential
light-domain interactions. As a matter of fact, analogous
principles are also utilized to investigate the profile of the
magnetic order and unambiguously differentiate between chiral
and non-chiral arrangement?’. However, the metallicity of the
material itself restricts the usable wavelength to only X-rays in
scattering mode. Other modes such as reflection and fluorescence
have been also employed based on the insulating character of the
material. In this regard, BiFeO; presents some apparent
advantages. First, the bandgap of BiFeO; falls within visible
range and a photon energy of 3.06 eV is sufficient for the BPV to
arise, providing a direct evidence of light-matter interaction.
Second, the periodic arrangement of domains in thin films
essentially also assists in achieving a connected chiral antiferro-
magnetic order. The overlap of these two aspects presents a
probable explanation for the observed effects.

Methods

Pulsed laser deposition (PLD) growth. The BiFeOj; thin films were grown on
single-crystalline DyScO3 (110)o,y, and SrTiO; (001). substrates using a pulsed
laser deposition system (SURFACE PLD-Workstation). During deposition, the
substrate was kept at 625 °C and exposed to an oxygen partial pressure of 0.145
mbar. The distance between the stochiometric ceramic BiFeO; target and the
substrate is set to 60 mm. The KrF excimer laser was set to energy densities in the
range of 1.2—1.34] cm~2 with a pulse frequency of 2Hz.

Piezo-response force microscopy (PFM). PFM images were acquired with a Park
NX10 system combined with an external lock-in amplifier (Zurich Instruments).

The AC voltage (3 V, 20 kHz) was applied through a cantilever equipped with a

platinum-coated tip (MikroMasch NSC 14).

Device fabrication. A conventional photolithography process has been used to
structure the rectangular top electrode pairs (950 x 400 um?, 40 um spacing). A
subsequent evaporation with platinum-palladium alloy (Pt:Pd 80:20) with a
thickness of ~70 nm were achieved using a DC sputter machine.

Photoelectrical measurements. A high impedance electrometer (Keithley 6517B)
acted as a voltage source (IV-characteristics, switching voltage) and simultaneously
measured the current. The samples were illuminated by a diode laser (Cobolt 06
MLD) with a wavelength of 405 nm and 30 mW power.

Raman spectroscopy. Spatial-resolved Raman scattering experiments were
recorded using a confocal Raman microscope setup (Renishaw, inVia) which was
equipped with a 532 nm laser as excitation source, notch filter, a turnable grating
(1800 lines mm™~!), and a CCD camera. Circular laser polarization was provided by
inserting a quarter-wave plate into the excitation laser beam. A x100 objective was
used to focus the laser spot (1 um) on the sample and to collect the scattered
Raman light, respectively. A spatial resolution below the laser spot size was
achieved by using the StreamLine™ high-resolution mode of the Raman instru-
ment. In this mode, an increased spatial resolution is achieved by reducing the
read-out area of the CCD detector during signal recording. Prior to the mea-
surement, the instrument was calibrated to a band at 520.4 cm~! of a poly-
crystalline silicon disc. The sample was placed on a xy-stage (Renishaw) and an
area of 7.6 x 7.6 um? was scanned using streamline-high resolution mode. The laser
intensity was set to 5% (~1.5mW) and spectra between 100 and 700 cm~! were
recorded for 2 s per measurement point. Data were analyzed by a principle com-
ponent analysis (PCA) with two components using the WiRE 3.4 software
(Renishaw).
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Figure 5.51: Scanning Probe Microscopy. a Atomic force microscopy image revealing
the surface of a BiFeO;/DyScO; thin film (top) and line scan of marked line
(bottom). Lateral b phase and ¢ amplitude piezo-response force microscopy
(PFM) images. Vertical d phase and e amplitude PFM image. All images
acquired simultaneously with a scanning area of 7.5 x 7.5 pm?.

Tensorial Analysis of the BPV Effect in BiFeO;
Derivation of BPV tensors

Application of symmetry operation for point group 3m to general 3rd rank ten-
sor

Symmetry operations matrices:
Threefold rotation (3) parallel to Z; and mirror (m) parallel to Z;:

—1 -10 0
31 Zs | -2 —1 o, mLZ |0 10 (5.81)
0 0 1 0 01

Resulting 3rd rank tensor:'

0  Poxo Pozg | Paze O 0 | B O 0
-Bazo 0 0 0 Boo PBozs| 0 Bay O (5.52)
B1a1 0 0 0 B O 0 0 sz

Phenomenological expression of BPV?

The BPV effect can be described with following equation:

ji = 1B E;Ex (5.S3)
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The real part of 3 is symmetric and imaginary part of Sy is antisymmetric:

Re Bix = Re Biy = Bl; Im Bix = —Im Big = S (5.54)

The current expression becomes:

ji=jt+3°=1 (8% +iB%) EEx (5.S5)

The nonsymmetric elements of the general 3rd rank tensor can be rewritten as
having symmetric and antisymmetric parts. This leads to the symmetric part (LBPV)
and antisymmetric part (CBPV).

Separation of 3rd rank tensor in symmetric and antisymmetric part

0 B2 Bhar | -fhoo 0 0 | B5 0 0
he = | -Bhe 0 0 0 [B52 S 0 S5 0 (5.56)
Ba1 0 0 0 O 0 0 0 S

0 0 6% [0 0 0 |0 0 O
B = 0 0 0 |0 0 -A% [0 0O (5.87)
%1 0 0 0 A% 0 0 0 O

Transformation of LBPV (symmetric BPV) tensor into matrix notation®*

(5.86) is transformed into the corresponding 3x6 matrix .. If { = 1,2,3, then g =
B and if I = 4,5, 6, then B = 20l

0 0 0 0 pBs —285%
B =1-B5% B5% 0 B 0 0 (5.58)
B51 P51 B 0 0 0

The appearance of S} is analogous to the piezoelectric tensor d;.

Transformation of CBPV (antisymmetric BPV) into 2nd rank pseudo-tensor®

(5.87) can be transformed into a pseudo-tensor using the Levi-Civita symbol €;;:

Bf = €ijk5ﬁk (5.89)

The resulting 2nd rank pseudo-tensor is:

0 +8% 0
C=|-8% 0 0 (5.510)
0 0 0

The appearance ¥ is analogous to the gyrotropic axial (pseudo-)tensor g, which
is connected to the natural optical activity tensor ~fi using the Levi-Civita symbol

6,7
Eijk-
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Tensorial calculation for ordered striped 71° domain pattern

Relation between coordinate system based on hexagonal and pseudo-cubic
crystal system

The standard axes of physical properties follow the IEEE standard setting. For trigonal
crystals, the convention is based on the hexagonal crystal system. Therefore, the 2
axis of physical properties is set along the ¢ crystallographic axis. The z axis is set
along the a crystallographic axis and the y axis is orthogonal to the other completing
the right-hand cartesian coordinate system. To calculate the BPV response for the
experimental setup, it is necessary to move to a coordinate system which is related to
the used axis in the setup.

A three-dimensional coordinate system can be transformed into another arbitrary
three-dimensional coordinate system using a 3x3 matrix. Regarding the symmetry
relations shown in Figure 5.S2, the coordinate system of the physical properties based
on the hexagonal crystal system (x,, ¥, z,) can be transformed into the pseudo-cubic
coordinate system (X, Yo, Z,.) USing following matrix:

0 2 L
S

a; = ap, = —175 —?g ? (5.511)
V2 V6 VB

(1001, [ 1111, [ [111],] (1200}, || [110], || [011],..]

Figure 5.52: Coordinate system transformation between different crystal systems.
a Relation between pseudo-cubic and rhombohedral coordinate system.® The
rhombhohedral unit cell can be described with two ABQO5 cubic unit cells.
b Relation between rhombhohedral and hexagonal crystal system (Adapted
from®). ¢ Projection along triad axis (Adapted from'°). The numbers depict the
position height with respect to the hexagonal unit cell (unit: ¢;,/12).

The index P, refers to the domain variants P, (Figure 1 (c),(d) main text)) with the
polarization pointing along the [111],. direction. To describe the response for the
domain variants Py the resulting response has been rotated by +90° (CCW) around
the [001],, direction:

T T -+t _1 1

cos(5) sin(3) 0 0 10 Vi oVa

app = | —sin(5) cos(5) 0] ap = -1 0 0]ap = (1) Ty
0 0 1 0 01 5 % 5
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LBPV response

For light wave with linear polarization propagating along [001],.:

sin (6
cosf - \/(5).
(B)e= [ sin6 |, (B): = al(E)r= | 250 — 20 (5.513)
0 sin (6) + cos (0)
V3 V3

The orientation of the light wave with respect to the R-configuration is shifted by
90° clockwise, which leads to:

cos (6
cos(0 + %) —sinf n( ‘/(5)
(Bje=(sin(0+5) | = Br= [ cost | (B)h=al(B)e= | 250 - =
0 0 cos ()  sin(6)
V3 V3
(5.514)

The overall response in the pseudo-cubic coordinate system can be now calcu-
lated:

DO |~

g = 5 las[BI(EE) ] + a [ G5(EE)]]

(8 + S+ S+ 28) + (% + 25) cost)

L
-y (2% - £ - 22+ 2% ) sin(20) (5.515)

CBPV response

The circularly-polarized light propagates in [001],, direction.

Left-handed circularly polarized light (LCP)

Jones vector:

1 _3
7 2
eLCRpc — \/Li ,eLCRh - % - \/*\/’ (581 6)
0 7T v

CBPV response for LCP light for each domain variant:

C

] ] — M2

].Lgf = §GPL5U [eLCPh X eLCPh] = m +5% (5.517)
I T +5$2

jtg: = _aPRBu [eLCPh X eLCPh] =— | +6% (5.518)
2 2v3 \ ¢
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Overall CBPV response for LCP light:

0
. I . . . . I
gt = B) [aPR (77 [@pcn X €lcen)) + ap_ (B [€pcn X ech,hm - 7 +5% (5.519)
3\ 0
Right-handed circularly polarized light (RCP)
L K
‘/% V2 ? i
Crcrpe = V) , €rcpn = ?g + \/5\{3 (5.520)
0 VEvi T Vava
CBPV response for RCP light for each domain variant:
jiF,‘PCLP: 5%15%2. [eRCP,h X eF;CP,h] = _2\/§ —B% (5.821)
0
I [ - ?2
jﬁg,f = §GPRB$Z. [eRCP,h X eF;CP,h] = ﬁ _0 T (5.822)
Overall CBPV response for RCP light:
*RCP I C * C, * '[ O C
Ji~ = 5 [CLPR (/Bij ? [ech,h X eRCP,h]) + ap, (ﬁij ? [eRPC,h X eRCP,h])] = ﬁ —B% (5.523)
0

T T T T T T
@@ Total Current /-
— Ohmic Current (fit) /,,
Photovoltaic Current /,

0.5 1

Current [nA]

9 60 -30 0 30 60 90
Electric Field [kV/cm]

Figure 5.S3: Switchability of the photovoltaic effect. Current as a function of applied
electric field under illumination with linearly polarized laser light A=405nm in
[100],c (black). At +60kV cm™', there is an abrupt current rise/drop. This ap-
parent change is connected to the ferroelectric switching and therefore an op-
posing of the BPV orientation. By subtracting the ohmic conduction (red) from
the overall response, a hysteretic behavior of the photovoltaic current (green)
can be substracted.
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Figure 5.54: Photovoltaic properties as a function of light intensity. a Current-voltage
characteristic under illumination with right-handed circularly polarized (LCP)
light with different laser power settings. b Extracted short-circuit current I
and ¢ open-circuit voltage V. as a function of the laser power.
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Figure 5.S5: Extraction of photovoltaic properties from current-voltage characteris-

tics.

aCurrent-voltage (IV) characteristics for different orientations (0°]|x,

CCW rotation) of the linearly polarized light. The electrode geometry is shown
in the inset. b Open-circuit voltage V,,. and short-circuit current I, as a func-
tion of the light orientation #. Both photovoltaic properties can be extracted
from a linear fit of the IV characteristics.
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Figure 5.56: Comparison between different orientations of outcoming light polariza-
tion. Open-circuit voltage V o as a function of the /4 plate orientation ¢ for two
different adjustment of the subsequent )\/2 plate. The starting linear light polar-
ization aligned along a [100],; and b [010],c, respectively (Compare schemat-
ics of the polarization state shown at the top).
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Figure 5.57: Light polarization characterization. aSchematic of the light polarization
characterization setup. The set light polarization is rotated using the subse-
guent half-wave plate and the laser power for the major (A) and minor (B) axis
is measured using a silicon photo detector (Thorlabs, DET100A2). b Ellipticity
ratio € as a function of the tilt angle of the Berek Compensator. Depending
on the tilt angle, the pathway of the light through the birefringent MgF, plate is
changed. This changes the resulting retardance and thus the outcoming light
polarization from linear to elliptical to circular.

Raman Scattering Experiments

To explain the unexpected CBPV response in our films, we propose the existence of
opposite circular dichroism for the different polarization variants. Consequently, CD
spectra for each polarization variant are needed. To the best of our knowledge, com-
mercially available CD spectrometers (mostly equipped with a Xe lamp) are not ca-
pable of resolving structure in the submicrometer range. However, circular dichroism
has been observed using laser-based threshold photoemission electron microscopy
(PEEM) in a BiFeOQ, single crystal with multi-domain state.

Having this observation in mind, we conceived a Raman scattering experiment
following partially the basic principle of Raman Optical Activity (ROA) in collaboration
with our colleagues. The Raman spectra were acquired using a confocal Raman mi-
croscope setup (Renishaw, InVia). The sample was placed on an xy-stage providing
a 100 nm positioning resolution. The polarization state of the excitation laser light
(532nm) is tuned from linear to circular by inserting a quarter-wave plate. In order
to gain information from a very localized region of the sample, we focused the laser
beam to a spot size of ~1pum. A spatial resolution below the laser spot size was
achieved by using the StreamLine™ high-resolution mode of the Raman instrument.
In this mode, an increased spatial resolution is achieved by reducing the read-out
area of the CCD detector during signal recording. A comparison between two spec-
tra observed under illumination with linear (polarization along x-direction) and circular
light polarization can be found in Figure 5.S9a. In both spectra three dominant modes
at 138cm™', 174cm™" and 222cm~" were observed. This is in good agreement with
previous studies on BiFeO,/DyScO; thin films.'? Contrarily, Talkenberger et al. used a
442 nm linearly polarized excitation laser. Because of the smaller penetration depth
of the light (~75nm), they did not separate modes at higher wave numbers due to
the DyScO, substrate (compare spectra of DyScO, substrate at the bottom of Fig-
ure 5.S9a). Because of this contribution from the substrate, we were not able to ob-
serve BiFeO, modes at higher wave numbers. In another study, Himcinshi et al. used
Raman spectroscopy to identify domains with different polarization variants in BiFeO,
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a single crystal.’® The change in the Raman signal (peak area of 172cm~" mode)
due to a different orientation of the linear polarization of the excitation laser towards
the corresponding polarization direction was used to map a domain configuration with
micrometer-resolution. When performing the Raman scattering experiments, we ob-
served a change of the ratio between the peak intensity of the 138cm~" and 174 cm™
mode, however, under excitation with circularly polarized light. The intensity changes
were not as high as shown by Himcinshi et al.'3, which might also be related to the
smaller domain size and different excitation wavelength.

To systematically investigate this position-dependent change in the Raman spec-
tra, we characterized a 10x 10 um? region on our sample using piezo-response force
microscopy (PFM). The AFM image (Figure 5.S9b) reveals a topography with a similar
roughness to the one shown in Figure 1(a) in our manuscript. The in-plane PFM (IP-
PFM) phase image (Figure 5.S9c) shows great similarities to Figure 1(b), however,
we want to mention the larger domain width in this region (~250nm compared to
~150 nm in Figure 1(b) main text).
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Figure 5.58: Raman scattering experiments demonstrating the domain-specific light-
matter interaction. a Normalized Raman spectra of BiFeO;/DyScQ; thin film
under circular (red) and linear (black) laser light excitation. Bottom: Quali-
tative Raman spectra of a DyScO; substrate. Inset: Both PCA-component
used to analyze the spatial-resolved Raman spectra. b Topography and ¢ in-
plane PFM phase image of pre-characterized region (10x10um?). The red
squares indicate the position of the overlapped map acquired from the spatial-
resolved Raman scattering experiments. d Normalized PCA-component Il map
(7.6x7.6 um?) acquired from the spatial-resolved Raman scattering experi-
ments overlapping the schematic domain configuration extracted from PFM
image in c. The outline of the map is inserted in b and ¢ (red square).
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Then, we performed spatial-resolved Raman scattering experiments to acquire
a two-dimensional grid of Raman spectra in a 8x8 pm? region in the vicinity of the
PFM pre-characterized region. The Raman data (~6400 spectra) were processed us-
ing principal component analysis (PCA)(WIiRE 3.4 software, Renishaw), a commonly
used tool show data variance. The PCA-analysis divides the Raman spectra into
two main components (see inset Figure5.59a). The change of the 174cm™' and
138cm™' peak intensity ratio can be represented by the PCA- component Il. As a
result, the position-dependent PCA-component can be mapped. To compare two
characterization techniques, the resultant PCA-component map is overlapped with
the IP-PFM phase image (Figure 5.5S9d). To match the shape of both patterns, the
PCA-component map is resized (8 x 8um? — 7.6 x 7.6 um?). The lowest spatial reso-
lution step of xy-positioning stage of the Raman microscope was used and a systemic
positioning error while working at the lowest resolution limit could explain the neces-
sity to resize the map to achieve a perfect overlap. However, the spatial resolution of
this experiment is limited to ~\/2. For thinner structures, a mixed Raman spectra is
obtained and it is not possible to clearly distinguish the different domains (compare
Figure 5.59d upper and lower areas).

The possibility to resolve the ferroelectric domain arrangement using Raman scat-
tering experiments under excitation with CP light suggests differential interaction be-
tween CP light and the domains exhibiting different polarization variants.
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Figure 5.59: Linear and circular bulk photovoltaic effect in BiFeO;/SrTiO; thin film.
a Open-circuit voltage as a function of the light orientation 6 for BiFeO3/SrTiO,
under illumination with linearly polarized (LP) light (black), left-handed circu-
larly (LCP) light (blue) and right-handed-circularly polarized (RCP) light (red).
b Atomic Force Microscopy image and c lateral piezo-response Force Mi-
croscopy phase image of BiFeOs/SrTiO,; sample. All images: 7.5 x 7.5 um?.
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Summary - CHAPTER 5

In order to investigate the circular BPV effect, the light polarization range of the ex-
perimental setup was extended to elliptical and circular polarization. The findings
demonstrated the evolution of the bulk photovoltaic effect in BiFeO; thin films as the
polarization of light was modulated systematically from linear to elliptical to circu-
lar. The investigated films were grown on DyScOj3; substrates and revealed a striped
arrangemenent of the ferroelectric domains (Figure5.1b). The high thin film qual-
ity was confirmed by XRD measurements (Figure 5.1d) Initially, the existence of the
linear BPV effect was demonstrated by measuring the photovoltaic response while
rotating linear light polarization using a half-wave plate (Figure 5.2b). In the second
step, a quarter wave plate was introduced to continuously adjust both ellipicity and
helicity of the light polarization. Top electrodes running parallel to the net in-plane
polarization (perpendicular to the striped domains) were used. The overall BPV re-
sponse was divided into the contributions from the linear and circular BPV effect (Fig-
ure5.2c). The experimental findings followed the expected behavior derived from a
tensorial analysis of both effects. An extended experimental setup, including a Berek
compensator to set arbitrary light polarization state and a subsequent half-waveplate
to rotate the light polarization main axis (compare Section 3.6, Figure 5.3a), enabled
the systematic investigation under linearly, elliptically and circularly polarized light.
On one hand, the measurements with electrodes parallel to net in-plane polarization
matched the analytical results from the tensorial assessment (Figure 5.3b). On the
other hand, measurements with electrodes perpendicular to the net in-plane direction
contradicted the analytical results (Figure 5.3c). After considering the circular BPV
response for both domain variants separately (Table 5.1), a domain-specific differen-
tial light interaction was proposed to explain the observed circular BPV responses.
This scenario was further tested with electrodes parallel to the in-plane polarization
projection of each domain variant (£45 ° with respect to the overall net in-plane polar-
ization). Whereas measurements with one electrode geometry revealed an increased
V.. value for right-handed and an almost vanishing open-circuit voltage value for left-
handed circularly polarized light (Figure 5.4b), measurements with the other electrode
geometry showed exactly the opposite behavior (Figure 5.4c). These findings further
validated the assumption of a domain-specific differential interaction with circularly
polarized light. Additionally, spatially-resolved Raman scattering experiments with cir-
cularly polarized light enabled the visualization of the domain structure (Figure 5.S8).
This result was confirmed by PFM measurements of the same area. The possibility
to image the ferroelectric domain arrangement using Raman scattering experiments
under circularly-polarized light is another indicator of the domain-specific differential
light-matter interaction. The chiral character of the antiferromagnetic order of BiFeO3
is one possible reason to explain the anomalous character of both the circular BPV
response and the Raman scattering experiments.
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CHAPTER 6

Resistive Switching in Ferroelectric
BioFeCrOg Thin Films and Impact on
the Photovoltaic Effect

The first two parts of this thesis addressed the fundamental properties of the BPV
effect in BiFeO; thin films. The last part concentrated on photoelectrical measure-
ments of Bi,FeCrOg thin films. Although being closely related to its parent material
BiFeOs, Bi,FeCrOg reveals improved performance regarding its magnetic (compare
Section 2.2.2) and photovoltaic properties (record solar conversion efficiency of per-
ovskite oxides observed in Bi,FeCrOg; compare Section2.3.3). Different SPM and
(photo)electrical measurements with macroscopic top electrodes were performed to
investigate epitaxial Bi,FeCrOg thin films. The experimental findings demonstrated a
superior PV performance compared to BiFeO3; and an unexpected resistive switching
behavior.
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ToC Figure 6.0: Schematic of the conductive atomic force microscopy mea-
surement revealing the local resistive switching behavior (left). The hysteretic
behavior of the dark conductance (right, top) directly influences the photo con-
ductance and the resulting open-circuit voltage (right, bottom).
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1. Introduction

The multiferroic character of Bi,FeCrOg (BFCO), that is, the coexistence of

ferroelectricity and ferromagnetism, has been predicted and demonstrated

in different studies. Intriguingly, the material system also exhibits a reduced
band gap, in addition to bulk-driven photovoltaic effect. The co-existence of
all these attributes in a single system is a rare occurrence and paves way to a
multitude of practical applications, with ferroelectric solar cell as one of them.
In this work, epitaxially grown BFCO thin films, deposited with pulsed laser
deposition on single crystalline SrTiO; (STO) substrates, reveal a self-ordered
ionic arrangement which is proven with X-ray and transmission electron micr-
coscope (TEM) measurements. A lowered band gap and a higher conductivity
lead to a superior photovoltaic performance compared to a BiFeO; (BFO)
reference film. Scanning probe microscopy (SPM) is used to test locally the
ferroelectric switching properties. Poling with electric field not only caused

a reliable change in the state of polarization, but also resulted in substantial
changes in the resistance of the regions. Macroscopic measurements using
transparent In,O;:Sn (ITO) electrodes demonstrate a bi-directional multi-
stage resistive switching, which in turn influences the photovoltaic perfor-

mance of the heterostucture.
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Magnetoelectric multiferroics, that is,
materials exhibiting a rare combination
of ferroelectricity and ferromagnetism,
are of great interest for the development
of new-age functional materials.3l Espe-
cially, if the coexistence of the two ferroic
orders manifests via a strong coupling, the
materials can be used for ferroelectric data
storage devices with magnetic readout.
Bi,FeCrOq (BFCO) has been theoretically
predicted as one of the most promising
candidate in this context, with a large
spontaneous polarization and magnetiza-
tion.*’] The multiferroic character has
been confirmed experimentally in epi-
taxial BFCO thin films.[*®l

Beyond, an anomalous photovoltaic
effect, also known as bulk photovoltaic
(BPV) effect, is relevant for crystals
lacking inversion symmetry, and thus also
for all ferroelectrics.’'?l The BPV effect
depends on the light polarization state
and the orientation of the ferroelectric polarization.3-° Subse-
quent experiments on the optical properties of BFCO thin films
indeed unraveled a photovoltaic effect which was found to be
sensitive to the orientation of the ferroelectric polarization.'6-18l
Interestingly, the effective band gap may be adjusted by tuning
the ionic ordering within the filml"?% and thus the develop-
ment of a multilayer BFCO device achieved a solar conver-
sion efficiency of 8.1% under AMLS illumination, the highest
reported from a ferroelectric until now.?!! A necessary pre-
condition was the application of a high electric field in order to
align the ferroelectric polarization uniformly in one direction.
However, the application of electric fields may influence the
electrical resistance as reported in Au/BFCO/LaNiO;/SiO,/Si
heterostructure?? and in BFCO/SRO/STO thin films.[*]

The coexistence of multiferroic, photovoltaic, and resistive
switching properties makes BFCO an ideal material to concep-
tualize novel (self-powered) photo-neuromorphic devices, for
example, combining photovoltaic and neuromorphic applica-
tions.? In conjunction, the response to light essentially also
allows non-destructive readout of both, resistive and ferroelec-
tric, state of the material.[?>]

In this work, BFCO thin films on STO (001) single-crystal-
line substrates with either SrRuO; (SRO) or Lay;Sro3MnOj
(LSMO) as intermediate conductive layer were fabricated using
pulsed laser deposition (PLD). The quality of the films was
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Resistive Switching in Ferroelectric Bi,FeCrOg Thin Films

and Impact on the Photovoltaic Effect

David S. Walch, Yeseul Yun, Niranjan Ramakrishnegowda, Lutz Miihlenbein,

Andriy Lotnyk, Cameliu Himcinschi, and Akash Bhatnagar*

The multiferroic character of Bi,FeCrOg (BFCO), that is, the coexistence of
ferroelectricity and ferromagnetism, has been predicted and demonstrated

in different studies. Intriguingly, the material system also exhibits a reduced
band gap, in addition to bulk-driven photovoltaic effect. The co-existence of
all these attributes in a single system is a rare occurrence and paves way to a
multitude of practical applications, with ferroelectric solar cell as one of them.
In this work, epitaxially grown BFCO thin films, deposited with pulsed laser
deposition on single crystalline SrTiO; (STO) substrates, reveal a self-ordered
ionic arrangement which is proven with X-ray and transmission electron micr-
coscope (TEM) measurements. A lowered band gap and a higher conductivity
lead to a superior photovoltaic performance compared to a BiFeO; (BFO)
reference film. Scanning probe microscopy (SPM) is used to test locally the
ferroelectric switching properties. Poling with electric field not only caused

a reliable change in the state of polarization, but also resulted in substantial
changes in the resistance of the regions. Macroscopic measurements using
transparent In,O3:Sn (ITO) electrodes demonstrate a bi-directional multi-

1. Introduction

Magnetoelectric multiferroics, that is,
materials exhibiting a rare combination
of ferroelectricity and ferromagnetism,
are of great interest for the development
of new-age functional materials.l'=3 Espe-
cially, if the coexistence of the two ferroic
orders manifests via a strong coupling, the
materials can be used for ferroelectric data
storage devices with magnetic readout.
Bi,FeCrOq (BFCO) has been theoretically
predicted as one of the most promising
candidate in this context, with a large
spontaneous polarization and magnetiza-
tion.*> The multiferroic character has
been confirmed experimentally in epi-
taxial BFCO thin films.[*-8]

Beyond, an anomalous photovoltaic
effect, also known as bulk photovoltaic

stage resistive switching, which in turn influences the photovoltaic perfor-

mance of the heterostucture.
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(BPV) effect, is relevant for crystals
lacking inversion symmetry, and thus also
for all ferroelectrics.l*'?l The BPV effect
depends on the light polarization state
and the orientation of the ferroelectric polarization.*="! Subse-
quent experiments on the optical properties of BFCO thin films
indeed unraveled a photovoltaic effect which was found to be
sensitive to the orientation of the ferroelectric polarization.[16-18]
Interestingly, the effective band gap may be adjusted by tuning
the ionic ordering within the film('?% and thus the develop-
ment of a multilayer BFCO device achieved a solar conver-
sion efficiency of 8.1% under AM1.5 illumination, the highest
reported from a ferroelectric until now.?!! A necessary pre-
condition was the application of a high electric field in order to
align the ferroelectric polarization uniformly in one direction.
However, the application of electric fields may influence the
electrical resistance as reported in Au/BFCO/LaNiO;/SiO,/Si
heterostructure?? and in BFCO/SRO/STO thin films. 23]

The coexistence of multiferroic, photovoltaic, and resistive
switching properties makes BFCO an ideal material to concep-
tualize novel (self-powered) photo-neuromorphic devices, for
example, combining photovoltaic and neuromorphic applica-
tions.?! In conjunction, the response to light essentially also
allows non-destructive readout of both, resistive and ferroelec-
tric, state of the material.l’]

In this work, BFCO thin films on STO (001) single-crystal-
line substrates with either SrRuO; (SRO) or Lag;Sry3MnO;
(LSMO) as intermediate conductive layer were fabricated using
pulsed laser deposition (PLD). The quality of the films was

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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characterized using X-ray diffraction, SPM and TEM meas-
urements. The superior photovoltaic performance of BFCO
was first established upon comparison with BFO, as the short-
circuit current density (ig) from BFCO exceeded that of BFO
by around 700 times. The ferroelectric behavior was demon-
strated and visualized with piezoresponse force microscopy
(PFM) while the resistive states were observed with conductive
atomic force microscopy (C-AFM). Sequential poling of regions
assisted in ruling-out the polarization-flip as the underlying
origin for the observed resistive switching effect. Macroscopic
measurements were conducted that unraveled a case of bidi-
rectional multi-stage resistive switching. The use of ITO as top
electrodes facilitated the photovoltaic measurements on the
same device, and enabled analyzing the corresponding impact.
The variations in the conductance were sufficient to induce a
change in the resultant open-circuit voltage (V,), an evident
footprint of bulk-driven photovoltaic effect. The results further
highlight the utility of light as a tool for read-out purposes.

2. Results and Discussion

BFCO thin films with a thickness of around 100 nm were
deposited on single-crystalline STO (001) substrates using a
PLD system. Details on the thin film growth can be found in
the Experimental Section. Conductive SRO or LSMO buffer
layers were deposited to enable (photo) electrical measurement
across the BFCO thin film (see inset Figure 1a). Crystallinity
and phase purity of the heterostructures were confirmed with
X-ray measurement. The resultant 20 — ® scans around the
(002) substrate peak are presented in Figure la. Additionally,
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high-resolution TEM images of the BECO/SRO//STO structure
can be found in Figure S1, Supporting Information. In case of
BFCO/SRO//STO (red), the peaks arising from BFCO and SRO
appear to be merged together as both layers grow under com-
pressive epitaxial strain and exhibit similar lattice parameter.
On the other hand, in case of BFECO/LSMO//STO (blue), the
larger lattice constant of STO compared to LSMO results in
tensile epitaxial strain, and consequently the peaks from LSMO
and BFCO are split from one another separated by the STO
substrate peak. Reciprocal space maps (RSM) around the (204)
STO plane for both samples are shown in Figure 1b. In par-
ticular, the RSM of the BFCO/LSMO//STO shows two distinct
peaks arising from the BFCO layer. The BFCO split-peak is also
visible in BFCO/SRO//STO, although, not distinguishable into
two. The closeness with the lattice parameter of SRO results in
a rather convoluted four-way split.

One possible reason for this observation is the existence of a
layered structure within the BFCO film, evidently visible in the
cross-sectional images acquired with TEM in Figure 1c. Further
analysis conducted with energy dispersive X-rays (EDX) map-
ping provided a qualitative proof of the existence of Fe- and
Cr-rich regions across the entire thickness of the sample (see
EDX profiles in Figure S2, Supporting Information). While in
some regions the dominant presence of one and the depletion
of the other ion is clearly visible. As expected, the A-site cation,
Bi*", is found to be uniformly distributed. However, local anal-
ysis of d-spacing using TEM in BFCO layer at different regions
did not show any significant changes. The existence of dif-
ferent domain variants (with different in-plane polarization
direction) can cause a layer peak splitting in the RSM meas-
urements which has been known in BFO and also recently

I — 12
Bi,FeCrOg

Figure 1. Structural characterization. a) 26 — ® scans around (002) substrate peak of BFCO/SRO//STO (red) and BFCO/LSMO//STO (blue) films
(* STO substrate, * BFCO, # LSMO, ~ SRO). b) RSM maps around (204) substrate plane of BFCO/SRO//STO (left) and BFCO/LSMO//STO (right)
film. ¢) STEM-HAADF image (top left). EDX maps of Sr (yellow), Ti (turquoise), Ru (pink), Bi (orange) (all top right), Cr (red, bottom left), and Fe
(green, bottom right).

Adv. Electron. Mater. 2022, 2200276 2200276 (2 of 9) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH





ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

a

2x10*

(0E)? (nm2eV?)

1x10*
E,=2.07 eV

Current Density (mAcm?) &

P— S S
30 22 24 26
Photon Energy (eV)

1.8 2.8

MATERIALS

www.advelectronicmat.de

1024 ]

-
=2
|
{
|
!
|
!
!
|
!
I
|
|
|

9.39

ITO/BFCO/LSMO//STO
ITO/BFO/LSMO//DSO

10°4

0.02

050 025 000 025 030
Voltage (V)
T

-0.3

0.0
Voltage (V)

Figure 2. Initial photovoltaic measurements. a) The square of the product between absorption coefficient o and the energy E, as function of energy of
a BFCO//STO structure. The bandgap was determined by the linear extrapolation to zero absorption. b) Current— voltage characteristics under 405 nm
illumination of ITO/BFCO/LSMO//STO (blue) and ITO/BFO/LSMO//DSO structure (green). Fit (solid lines) used to extract V, values.

demonstrated in BFCO thin films.?J In other recent publica-
tions, such peak-split was attributed to existence of cationic
ordered and disordered domains within the BFCO layers.[2128]

2.1. Photovoltaic Effect

The ordering of the iron and chromium ions at the B-sites,
studied with ab initio calculations by Baettig et al., results in
rather intricate hybridizations between the 3d orbitals of iron
and chromium with the oxygen 2p orbital.*’! Interestingly,
the chromium 3d states do not only contribute to the conduc-
tion band but their hybridization with oxygen 2p orbital is
also not negligible and plays host to spin-polarized holes. An
evident impact is on the photovoltaic properties which have
been found to be much improved in comparison to any other
ferroelectric.[2021

We validated this scenario by measuring the ellipsometry
spectra of the BFCO//STO structure. From the BFCO extinc-
tion coefficient determined by ellipsometry, the absorption
coefficient o was calculated. The onset of absorption region
was analyzed and a bandgap of =2.07 eV was obtained by linear
extrapolation of (0tE)? versus energy as it is shown in Figure 2a.
This value is significantly lower than the reported direct band-
gaps of BFO (2.7 eV)2%30 or BCO (2.95 eV)PU thin films. The
determined value of band gap is in good agreement with litera-
ture values determined for BFCO films, and it can be tuned by
the growth conditions.l?'3234 Lowering of bandgap values has
also been observed in other Fe/Cr mixed systems in comparison
with the parent compounds (as in the case of LaFe, 5Crq 5053
or HoFe, 5Cry50;°%) due to charge transfer excitation between
Fe and Cr.

To measure the photovoltaic properties, electrodes were
structured using a photolithography process and subsequently
ITO was deposited on the BFCO/LSMO//STO structure using
a radio frequency sputtering machine (see Experimental Sec-
tion). BECO/LSMO//STO structure was used for macroscopic
measurements primarily for three reasons: i) extent or nature
of ordering in the BFCO samples if one considers the RSM
in Figure 1b; ii) reduced surface roughness (see Figure 3a,e),
thus the interface between top electrode and the surface can

Adv. Electron. Mater. 2022, 2200276 2200276 (3 of 9)

be expected to be more homogeneous and; iii) homogeneous
response from ferroelectric domains in PFM measurements
(see Figure 3b,f). Figure 2b shows the resultant current- voltage
(I-V) characteristics under laser light illumination (3.06 eV,
405 nm) that reveal a V, of 0.46 V and an i, of 9.39 mA cm™,
which culminates into a higher photovoltaic performance if
compared with a ITO/BFO/LSMO//DSO reference sample
(Voc = 0.27 V, i, = 0.02 mA cm2). The dark -V (inset) also
demonstrates a higher conductivity of the BFCO/LSMO//STO
structure compared to the BFO reference film. Under solar
simulator illumination (1.5 AM), the photovoltaic performance
of the ITO/BFCO/LSMO//STO structure reduces to V,.=0.21V
and i, =73.1 LA cm™2 (see Figure S3, Supporting Information).
This is still much lower compared to the highly efficient single
layer BFCO thin films reported by Nechache et al.,?!l however,
the application of high electric fields prior to the photovoltaic
measurement is needed to align the ferroelectric polarization
uniformly in one direction.

2.2. Scanning Probe Microscopy

PFM measurements were performed to verify the switchability
and retention of polarization. DC voltages of opposite polarity
were applied subsequently in squared-regions of diminishing
sizes that is, +5 V: 10 X 10 um?> - -5V : 6 x 6 um?> = +5V :
3 x 3 um?, (see schematic Figure 3 top). The consequent ver-
tical PFM measurements are shown in Figure 3a—c,e—g for the
BFCO/SRO//STO and BFCO/LSMO//STO films, respectively.
The topography of the BFCO/LSMO//STO film (Figure 3e)
reveals a reduced roughness and grain size compared to the
BFCO/SRO//STO film (Figure 3a). Importantly, the topogra-
phies remain unchanged after the application of the DC volt-
ages. For both the samples, the contrast in the vertical PFM
phase images (Figure 3b,f), corresponding to the oppositely-
poled regions, clearly confirms ferroelectric switching. The ver-
tical PFM amplitude images reveal the domain walls separating
the written domains (Figure 3c,g).

To gain further information on the resistive/conductive
state, C-AFM measurements were performed subsequently
on the same area. The resulting current maps (Figure 3d,h)

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH





ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

<
£
>
o
N
®
=
e
5
o

<

: ; : =
Position (um)

Figure 3. Scanning probe microscopy. Topography, vertical PFM

phase, vertical PFM amplitude, C-AFM (read-out voltage 2.5 V) images

(10 x 10 pm?) for BFCO/SRO//STO (a—d) and BFCO/LSMO//STO (e-h),

respectively, with corresponding current line profiles (i).
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show also a contrast, which is more pronounced with higher
currents for the BFCO/LSMO//STO film as emphasized in the
line scans in Figure 3i. The contrasts clearly suggest the for-
mation and persistence of states exhibiting different values
of resistance. Although such resistive switching behavior has
been demonstrated with C-AFM on BFCO/NbL:STO films,34
the fields needed to pole the samples were much larger (+9 V)
despite nearly half the thickness (49 nm). Furthermore, meas-
urements on ultrathin (6 nm) BFCO films on SRO-buffered
STO have demonstrated the coexistence of ferroelectric and
bipolar resistive switching, also under the C-AFM tip.1*!

Additionally, systematic scans were conducted with SPM to
evaluate the correlation between the observed ferroelectric and
resistive switching. The AFM topography image in Figure 4a
shows the outline of a subdivided area into four equally large
rectangular parts (each 2.5 X 10 um?). Different voltages (+5 V,
0V, =5V, +5 V) were applied to each area. The subsequent
C-AFM (only upper half shown) and PFM (only lower half
shown) measurements with corresponding line scan are shown
in Figures 4b,c and 4d,e, respectively. The C-AFM image
(readout voltage 1.5 V) shows only a high current response in
+5 V-poled areas with maximum currents exceeding 500 pA.
The measured current at the pristine (0 V) and —5 V-poled area
is much lower with maximum current values in the range of
tens of picoamperes. The current of the right half of the C-AFM
current map (-5 V, 5 V) mimics the findings presented in
Figures 3 and 5, in which the material is in the high-resistive
(HR) and low-resistive (LR) state after the applications of posi-
tive and negative voltages, respectively. Importantly, despite the
fact that the ferroelectric polarization within the +5 V-poled and
pristine area are alike, as apparent from the vertical PFM phase
images, the CFM images clearly suggests a much different state
of resistance in the two regions. This essentially demonstrates
the coexistence of ferroelectric and resistive switching, while
being independent from one another.

2.3. Macroscopic Electrical Measurements

Upon observation of switchable ferroelectric and resistive
states using SPM techniques, [-V characteristics of the BFCO/
LSMO//STO sample were measured with a larger voltage range
and ITO as the top electrode. The current measured during
a triangular voltage sweep (0 V= 45 V—> -5 V—> 0 V) at a
rate of 0.1 V s7! is shown in Figure 5a. In the positive voltage
regime, a splitting of forward and backward scan is observed.
With opposite polarity, the splitting becomes even more evi-
dent with distinct turning point at about —2 V. Focusing on the
slope of the curve around the origin, a relatively higher slope
can be observed after the application of positive voltages than
after negative.

To get a deeper insight, the measurement was repeated,
albeit, with acquisition of intermediate -V characteristics.
After every 0.5 V, -V characteristics with a smaller voltage
range of 0.2 V (see Figure 5b inset) was acquired to gain
information on the resistive/conductive state of the sample.
The resultant intermediate -V curves always exhibit linear

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Comparing initial, HR, and LR states using SPM measurements. a) AFM image (10 X 10 um?) with dotted lines indicating areas of different
applied voltages. b,c) C-A FM current map of the upper half and corresponding line scan (read-out voltage 1.5 V). d,e) Vertical PFM phase images of

lower half and corresponding line scan.

characteristic, and the extracted slope is sufficient to estimate
the conductance and is plotted as a function of the applied
voltage. The conductance as a function of applied voltage is
shown in Figure 5b reveals a hysteretic behavior, in which the
LR and HR state is obtained after application of positive and
negative voltages, respectively. Such hysteretic behavior of the
gap conductance has been observed in ferroelectric tunnel
junctions, however, with only a several nanometer thick ferro-
electric BaTiO; layer.’’*% The linear current response within
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Figure 5. Resistive switching in macroscopic measurement. a) Current—
voltage characteristic with schematic of ITO/BFCO/LSMO//STO struc-
ture. b) Hysteretic conductance—voltage behavior extracted from small
range current-voltage characteristics (inset).

Adv. Electron. Mater. 2022, 2200276 2200276 (5 of 9)

the narrow voltage range of the sample essentially also rules
out the role of ferroelectric polarization-related mechanisms
which have been widely reported to result in diode-like -V
characteristics.'*] These aspects were further verified with
dielectric measurements wherein the typical features associ-
ated with polarization-switching were not observed in capaci-
tance-voltage measurements (see Figure S4, Supporting
Information).

The hysteretic character of the switching behavior can be
utilized to deterministically set different resistive states. This
aspect has been presented in Figure 6a,b that shows with
current-voltage and corresponding conductance—voltage
characteristics, respectively with asymmetric voltage range
and opposed sweeping direction. The measurements were
conducted in two separate cycles. In the first cycle, the reset
voltage was fixed at +5 V and individual I-V curves were meas-
ured as the set voltage was step-wise varied from -5 to -1 V
with a step size of 1 V. The results clearly demonstrated the
impact of the applied electric field on the conductance of the
material, as the differences in the conductance (between HRS
and LRS) and the effective resistance may be tuned from about
50 to 7 kQ, respectively. The lower is the magnitude of the set
voltage, the higher the resulting conductance ranging from
the HR toward LR state at the end of the half-cycle. Note, the
repeated application of a high reset voltage while lowering of
set voltage magnitude results in a slight overall increase of
the conductance at the end of the final cycles. As shown in
Figure 5b the conductance hysteresis is not completely sym-
metric. In the positive voltage regime, the conductance does
not seem to be saturated contrary to the negative direction.
In the second cycle, the measurements were repeated, albeit
with reset voltage as —5 V and set voltage varied from +5 to
+1 V. The conductance after applying the set voltages reduces
from the LRS toward the HRS with decreasing values of set
voltage. The conductance saturates at about —4 V. Therefore
and in contrast to Figure 5b, a continuing decrement of the
conductance after repeated application of the negative reset
voltage is not observed and the conductance after resetting is
constant in Figure 5d. Figure 6 demonstrates the possibility of
bi-directional multistage resistive switching in the ITO/BFCO/
LSMO//STO heterostructure.

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. Multistage bi-directional resistive switching. Current-voltage and conductance-voltage characteristics with reducing set voltage magnitude

in a,b) negative direction and c,d) positive direction, respectively.

Recent publications also demonstrated resistive switching in
Au/BFCO/LaNiO;/Si0,//Si?? and Au/BFCO/SnO,:F* struc-
tures attributing the effect to changed boundary condition due
to oxygen vacancy migration toward the interfaces.

2.4. Influence of Resistive Switching on Photovoltaic Effect
Figure 7a shows the dark [-V characteristics for the pristine, LR

and HR states. The HR state has slightly higher conductivity
than the pristine state, while the LR state exhibits much larger

conductivity resulting in high currents under bias fields. An
increased dark conductivity influences the photovoltaic effect
under the assumption that the charge-separation mechanism
proceeds via bulk photovoltaic effect, which can be described by
the following equation

Il

Ve=—"—"-—""-—
A(Oph + O )

1)

Where I, A, 6,,, and O are the distance between the elec-
trodes, the area, the photo and dark conductivity, respectively.
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Figure 7. Influence of resistive switching on photovoltaic properties/optical sensing of resistive state. a) Dark and b) photo (405 nm laser illumination)
current-voltage characteristics of initial, LR, and HR state. Fit (solid lines) used to extract V. values.
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In case of constant I, the resultant V,. depends on the overall
conductivity of the material. Hence, the LR and HR states may
be used to tune the obtainable V,. from the devices.

Figure 7b presents I- V characteristics acquired under laser
light with photon energy of 3.06 eV. Interestingly, the short-cir-
cuit current (I;) from each state, that is, HR state (—35.2 pA),
LR state (-33.9 pA), and initial state (—35.2 pA) remain largely
similar. However, there is a apparent change in the corre-
sponding V.. It changes from 0.38 V in the initial state, to
0.18 V in the LR state, and back to 0.34 V in the HR state. Sim-
ilar to the situation in Figure 7a, the V,. does not completely
recover back to the pristine state. Comparing HR and LR
state, the V.. and resistance (under light) reduce by half (V.
factor Vo yr/Voc1r =0.53; Rygr/Rir = 10.61 kQ/5.75 kQ =0.54)
according to Equation (1).

Alternatively, Figure 7b also demonstrates the possibility to
use the photovoltaic effect to read out the conductive/resistive
state of the material. Similar findings have been shown in ITO/
BaTiO;/LSMO//STO ferroelectric tunnel junctions at low tem-
perature, in which the resulting V,. depends on the resistive
state of the memristor.13%4]

3. Conclusions

Epitaxial BFCO-based heterostructures were fabricated and
were tested for their photoelectric, ferroelectric, and resistive
switching properties. X-ray analysis was conclusive in proving
the single crystalline nature of the samples and RSM suggested
partial ordering of Fe and Cr ions at the B-site. TEM meas-
urements confirmed the existence of Fe- and Crrich layers
throughout the film thickness and atomic EDX provided a
visual proof. In line with theoretical calculations, the ordering
at the B-site not only serves lowering the band gap, but may also
have an impact on the resultant conductivity.! Consequently,
the photoresponse from the BFECO was measured to be around
700 times larger than from BFO. SPM techniques, that is PFM
and C-AFM, were used to test investigate the surface and fer-
roelectric properties. The polarization was switchable with +5 V
and written domains remained stable. In the C-AFM mode, the
domains of opposite polarities exhibited massively different
states of electrical resistance with differences of more than one
order of magnitude. Systematic scans conducted with different
bias voltages, suggested little or no interlink between the fer-
roelectric and resistive states of the samples. Hence it can be
implied, that oxygen ion migration and related mechanisms
might be at the origin of the observed effects. Another aspect
worthy to be mentioned is the higher conductivity in BFCO in
comparison to BFO (inset Figure 2b) which in turn also results
in much larger currents during the resistive switching. A pos-
sible reason could be the lower binding of oxygen 1s orbital in
the BFCO in comparison to BFO, allowing the oxygen ions to
easily dissociate.*’]

Macro-scale measurements were conducted to further
analyze the resistive switching characteristics. The SET and
RESET voltages were successfully implemented to fine-tune
the conductive states of the sample, and switch between
HR, LR, and intermediate states. The absence of any abrupt
change in the conductivity further supports this argument
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and suggests a rather homogeneous migration of oxygen-
ions during the SET and RESET processes.*?) The observed
gradual changes in the resistance, also referred to analogue
switching, are prerequisite for the realization of neuromor-
phic devices.”! The possibility to tune the conductance was
eventually utilized to tune the V. under light which also evi-
dently suggests the dominance of bulk-driven photoeffects in
the samples. It is imperative to note here that the direction of
I, and corresponding polarity of V., remain unchanged after
the application of SET/RESET voltages, thereby ruling out any
role of ferroelectric switching. The synergistic overlap of the
different functionalities elaborated in this work namely, ferroe-
lectricity, resistive switching and photovoltaics, presents BFCO
as a rather lucrative system for highly coveted self-powered
photo-neuromorphic applications.

4. Experimental Section

Thin Film Growth Using Pulsed Laser Deposition and Electrode
Fabrication: The heterostructures were grown on single-crystalline STO
(007). substrates using a pulsed laser deposition system (SURFACE
PLD-Workstation, KrF excimer laser). The distance between the
stoichiometric ceramic targets and the substrate is set to 60 mm. The
films were cooled down at a rate of 20 °C min~" under a oxygen partial
pressure of =200 mbar (Table 1).

Top electrodes were structured using a direct-write photolithography
machine (DMO MicroWriter ML3) and ITO as transparent, conductive
electrode materials (thickness 100-125 nm) were subsequently
evaporated using a RF sputtering machine.

Spectroscopic  Ellipsometry:  The  ellipsometric  measurements
were performed by using a M2000 J.A. Woollam ellipsometer. The
ellipsometric data were evaluated and from the determined optical
constants of BFCO the absorption coefficient o was calculated.

Transmission Electron Microscopy: Cross-sectional specimen for TEM
investigations was prepared by focused gallium ion beam milling
(Zeiss Auriga Dual-beam FIB). A probe Cs-corrected Titan3 G2 60-300
microscope was used for TEM studies. The microscope was operated
at 300 kV accelerating voltage. The Titan was equipped with high-
brightness gun (X-FEG), several annual detectors (Fischione, FEI),
and Super-X energy-dispersive X-ray spectroscopy (EDS) system (FEI
ChemiSTEM technology). Probe-forming aperture of 20 mrad was used
during scanning TEM (STEM) measurements. STEM images were
recorded with an annular dark-field detector (Fischione) using annular
ranges of 80-200 mrad, which correspond to high-angle annular dark-
field (HAADF) imaging condition. EDX maps were recorded in STEM
mode using the Super-X EDS system. The maps were acquired and
processed with Bruker software. The beam currents were set to 150 pA
during the EDX mapping.

Scanning Probe Microscopy: SPM measurements were acquired
with a Asylum Research Cypher equipped with a platinum-coated tip
(MikroMasch NSC 15). PFM measurements were performed in Dual
AC Resonance-Tracking (DART) mode with AC voltage of 1.5-2.5 V and
a center drive frequency of =1.3 MHz. For C-AFM measurements, the
read-out voltage was set to values of 1.5-2.5 V.

Table 1. PLD deposition parameters.

BFCO SRO LSMO BFO
Substrate temperature [°C] 700 750 650 725
O, partial pressure [mbar] 0.01-0.02 0.067 0.2 0.145
Laser repetition rate [Hz] 1-2 1 2 2
Laser fluence [| cm™ 1.50 116 1.33 1.50

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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(Photo) Electrical Measurements: A high impedance electrometer /
source meter (Keithley 6517B / Keithley 2450) acted as a voltage source
(I-V characteristics, switching voltage) and simultaneously measured
the current. The samples were illuminated by a diode laser (Cobolt
06 MLD / Thorlabs LDM9T) with a wavelength of 405 nm and 20 mW
power. Additionally, a diode-based solar simulator (Wavelabs SINUS-70)
was used as a light source to measure under 1.5 AM condition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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characterized using X-ray diffraction, SPM and TEM meas-
urements. The superior photovoltaic performance of BFCO
was first established upon comparison with BFO, as the short-
circuit current density (i) from BFCO exceeded that of BFO
by around 700 times. The ferroelectric behavior was demon-
strated and visualized with piezoresponse force microscopy
(PFM) while the resistive states were observed with conductive
atomic force microscopy (C-AFM). Sequential poling of regions
assisted in ruling-out the polarization-flip as the underlying
origin for the observed resistive switching effect. Macroscopic
measurements were conducted that unraveled a case of bidi-
rectional multi-stage resistive switching. The use of ITO as top
electrodes facilitated the photovoltaic measurements on the
same device, and enabled analyzing the corresponding impact.
The variations in the conductance were sufficient to induce a
change in the resultant open-circuit voltage (V,), an evident
footprint of bulk-driven photovoltaic effect. The results further
highlight the utility of light as a tool for read-out purposes.

2. Results and Discussion

BFCO thin films with a thickness of around 100 nm were
deposited on single-crystalline STO (001) substrates using a
PLD system. Details on the thin film growth can be found in
the Experimental Section. Conductive SRO or LSMO buffer
layers were deposited to enable (photo) electrical measurement
across the BFCO thin film (see inset Figure 1a). Crystallinity
and phase purity of the heterostructures were confirmed with
X-ray measurement. The resultant 26 — ® scans around the
(002) substrate peak are presented in Figure la. Additionally,
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high-resolution TEM images of the BFCO/SRO//STO structure
can be found in Figure S1, Supporting Information. In case of
BFCO/SRO//STO (red), the peaks arising from BFCO and SRO
appear to be merged together as both layers grow under com-
pressive epitaxial strain and exhibit similar lattice parameter.
On the other hand, in case of BFCO/LSMO//STO (blue), the
larger lattice constant of STO compared to LSMO results in
tensile epitaxial strain, and consequently the peaks from LSMO
and BFCO are split from one another separated by the STO
substrate peak. Reciprocal space maps (RSM) around the (204)
STO plane for both samples are shown in Figure 1b. In par-
ticular, the RSM of the BFCO/LSMO//STO shows two distinct
peaks arising from the BFCO layer. The BFCO split-peak is also
visible in BFCO/SRO//STO, although, not distinguishable into
two. The closeness with the lattice parameter of SRO results in
a rather convoluted four-way split.

One possible reason for this observation is the existence of a
layered structure within the BFCO film, evidently visible in the
cross-sectional images acquired with TEM in Figure 1c. Further
analysis conducted with energy dispersive X-rays (EDX) map-
ping provided a qualitative proof of the existence of Fe- and
Cr-rich regions across the entire thickness of the sample (see
EDX profiles in Figure S2, Supporting Information). While in
some regions the dominant presence of one and the depletion
of the other ion is clearly visible. As expected, the A-site cation,
Bi**, is found to be uniformly distributed. However, local anal-
ysis of d-spacing using TEM in BFCO layer at different regions
did not show any significant changes. The existence of dif-
ferent domain variants (with different in-plane polarization
direction) can cause a layer peak splitting in the RSM meas-
urements which has been known in BFOI?l and also recently

Figure 1. Structural characterization. a) 20 — ® scans around (002) substrate peak of BFCO/SRO//STO (red) and BFCO/LSMO//STO (blue) films
(* STO substrate, * BFCO, # LSMO, ~ SRO). b) RSM maps around (204) substrate plane of BFCO/SRO//STO (left) and BFCO/LSMO//STO (right)
film. c) STEM-HAADF image (top left). EDX maps of Sr (yellow), Ti (turquoise), Ru (pink), Bi (orange) (all top right), Cr (red, bottom left), and Fe
(green, bottom right).
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Figure 2. Initial photovoltaic measurements. a) The square of the product between absorption coefficient o and the energy E, as function of energy of
a BFCO//STO structure. The bandgap was determined by the linear extrapolation to zero absorption. b) Current— voltage characteristics under 405 nm
illumination of ITO/BFCO/LSMO//STO (blue) and ITO/BFO/LSMO//DSO structure (green). Fit (solid lines) used to extract V,. values.

demonstrated in BFCO thin films.[] In other recent publica-
tions, such peak-split was attributed to existence of cationic
ordered and disordered domains within the BFCO layers.[:21-28]

2.1. Photovoltaic Effect

The ordering of the iron and chromium ions at the B-sites,
studied with ab initio calculations by Baettig et al., results in
rather intricate hybridizations between the 3d orbitals of iron
and chromium with the oxygen 2p orbital.**] Interestingly,
the chromium 3d states do not only contribute to the conduc-
tion band but their hybridization with oxygen 2p orbital is
also not negligible and plays host to spin-polarized holes. An
evident impact is on the photovoltaic properties which have
been found to be much improved in comparison to any other
ferroelectric.[202l

We validated this scenario by measuring the ellipsometry
spectra of the BFCO//STO structure. From the BFCO extinc-
tion coefficient determined by ellipsometry, the absorption
coefficient o was calculated. The onset of absorption region
was analyzed and a bandgap of =2.07 eV was obtained by linear
extrapolation of (0.E)? versus energy as it is shown in Figure 2a.
This value is significantly lower than the reported direct band-
gaps of BFO (2.7 eV)?%3% or BCO (2.95 eV)BU thin films. The
determined value of band gap is in good agreement with litera-
ture values determined for BFCO films, and it can be tuned by
the growth conditions.?3234 Lowering of bandgap values has
also been observed in other Fe/Cr mixed systems in comparison
with the parent compounds (as in the case of LaFe,sCr ;03!
or HoFe 5Cry5051%%)) due to charge transfer excitation between
Fe and Cr.

To measure the photovoltaic properties, electrodes were
structured using a photolithography process and subsequently
ITO was deposited on the BFCO/LSMO//STO structure using
a radio frequency sputtering machine (see Experimental Sec-
tion). BFECO/LSMO//STO structure was used for macroscopic
measurements primarily for three reasons: i) extent or nature
of ordering in the BFCO samples if one considers the RSM
in Figure 1b; ii) reduced surface roughness (see Figure 3a,e),
thus the interface between top electrode and the surface can
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be expected to be more homogeneous and; iii) homogeneous
response from ferroelectric domains in PFM measurements
(see Figure 3b,f). Figure 2b shows the resultant current— voltage
(I-V) characteristics under laser light illumination (3.06 eV,
405 nm) that reveal a V,. of 0.46 V and an iy of 9.39 mA cm™2,
which culminates into a higher photovoltaic performance if
compared with a ITO/BFO/LSMO//DSO reference sample
(Voe = 0.27 V, iy = 0.02 mA cm™?). The dark -V (inset) also
demonstrates a higher conductivity of the BFECO/LSMO//STO
structure compared to the BFO reference film. Under solar
simulator illumination (1.5 AM), the photovoltaic performance
of the ITO/BFCO/LSMO//STO structure reduces to V,.=0.21V
and ig. =73.1 LA cm™2 (see Figure S3, Supporting Information).
This is still much lower compared to the highly efficient single
layer BFCO thin films reported by Nechache et al.,?!l however,
the application of high electric fields prior to the photovoltaic
measurement is needed to align the ferroelectric polarization
uniformly in one direction.

2.2. Scanning Probe Microscopy

PFM measurements were performed to verify the switchability
and retention of polarization. DC voltages of opposite polarity
were applied subsequently in squared-regions of diminishing
sizes that is, +5 V: 10 X 10 ym? - -5V : 6 x 6 um? — +5V :
3 X 3 pum?, (see schematic Figure 3 top). The consequent ver-
tical PFM measurements are shown in Figure 3a—c,e—g for the
BFCO/SRO//STO and BFCO/LSMO//STO films, respectively.
The topography of the BFCO/LSMO//STO film (Figure 3e)
reveals a reduced roughness and grain size compared to the
BFCO/SRO//STO film (Figure 3a). Importantly, the topogra-
phies remain unchanged after the application of the DC volt-
ages. For both the samples, the contrast in the vertical PFM
phase images (Figure 3b,f), corresponding to the oppositely-
poled regions, clearly confirms ferroelectric switching. The ver-
tical PFM amplitude images reveal the domain walls separating
the written domains (Figure 3c,g).

To gain further information on the resistive/conductive
state, C-AFM measurements were performed subsequently
on the same area. The resulting current maps (Figure 3d,h)
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Figure 3. Scanning probe microscopy. Topography, vertical PFM
phase, vertical PFM amplitude, C-AFM (read-out voltage 2.5 V) images
(10 % 10 um?) for BFCO/SRO//STO (a-d) and BFCO/LSMO//STO (e-h),
respectively, with corresponding current line profiles (i).
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show also a contrast, which is more pronounced with higher
currents for the BFECO/LSMO//STO film as emphasized in the
line scans in Figure 3i. The contrasts clearly suggest the for-
mation and persistence of states exhibiting different values
of resistance. Although such resistive switching behavior has
been demonstrated with C-AFM on BFCO/Nb:STO films,B
the fields needed to pole the samples were much larger (+9 V)
despite nearly half the thickness (49 nm). Furthermore, meas-
urements on ultrathin (6 nm) BFCO films on SRO-buffered
STO have demonstrated the coexistence of ferroelectric and
bipolar resistive switching, also under the C-AFM tip.’]

Additionally, systematic scans were conducted with SPM to
evaluate the correlation between the observed ferroelectric and
resistive switching. The AFM topography image in Figure 4a
shows the outline of a subdivided area into four equally large
rectangular parts (each 2.5 x 10 um?). Different voltages (+5 V,
0V, =5V, +5 V) were applied to each area. The subsequent
C-AFM (only upper half shown) and PFM (only lower half
shown) measurements with corresponding line scan are shown
in Figures 4b,c and 4d,e, respectively. The C-AFM image
(readout voltage 1.5 V) shows only a high current response in
+5 V-poled areas with maximum currents exceeding 500 pA.
The measured current at the pristine (0 V) and —5 V-poled area
is much lower with maximum current values in the range of
tens of picoamperes. The current of the right half of the C-AFM
current map (-5 V, 5 V) mimics the findings presented in
Figures 3 and 5, in which the material is in the high-resistive
(HR) and low-resistive (LR) state after the applications of posi-
tive and negative voltages, respectively. Importantly, despite the
fact that the ferroelectric polarization within the +5 V-poled and
pristine area are alike, as apparent from the vertical PFM phase
images, the CFM images clearly suggests a much different state
of resistance in the two regions. This essentially demonstrates
the coexistence of ferroelectric and resistive switching, while
being independent from one another.

2.3. Macroscopic Electrical Measurements

Upon observation of switchable ferroelectric and resistive
states using SPM techniques, I-V characteristics of the BFCO/
LSMO//STO sample were measured with a larger voltage range
and ITO as the top electrode. The current measured during
a triangular voltage sweep (0 V — 45 V- -5 V— 0 V) at a
rate of 0.1 V s7! is shown in Figure 5a. In the positive voltage
regime, a splitting of forward and backward scan is observed.
With opposite polarity, the splitting becomes even more evi-
dent with distinct turning point at about —2 V. Focusing on the
slope of the curve around the origin, a relatively higher slope
can be observed after the application of positive voltages than
after negative.

To get a deeper insight, the measurement was repeated,
albeit, with acquisition of intermediate -V characteristics.
After every 0.5 V, [-V characteristics with a smaller voltage
range of £0.2 V (see Figure 5b inset) was acquired to gain
information on the resistive/conductive state of the sample.
The resultant intermediate -V curves always exhibit linear
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Figure 4. Comparing initial, HR, and LR states using SPM measurements. a) AFM image (10 x 10 um?) with dotted lines indicating areas of different
applied voltages. b,c) C-A FM current map of the upper half and corresponding line scan (read-out voltage 1.5 V). d,e) Vertical PFM phase images of

lower half and corresponding line scan.

characteristic, and the extracted slope is sufficient to estimate
the conductance and is plotted as a function of the applied
voltage. The conductance as a function of applied voltage is
shown in Figure 5b reveals a hysteretic behavior, in which the
LR and HR state is obtained after application of positive and
negative voltages, respectively. Such hysteretic behavior of the
gap conductance has been observed in ferroelectric tunnel
junctions, however, with only a several nanometer thick ferro-
electric BaTiO; layer.’’-*] The linear current response within
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Figure 5. Resistive switching in macroscopic measurement. a) Current—
voltage characteristic with schematic of ITO/BFCO/LSMO//STO struc-
ture. b) Hysteretic conductance-voltage behavior extracted from small
range current—voltage characteristics (inset).
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the narrow voltage range of the sample essentially also rules
out the role of ferroelectric polarization-related mechanisms
which have been widely reported to result in diode-like -V
characteristics."#| These aspects were further verified with
dielectric measurements wherein the typical features associ-
ated with polarization-switching were not observed in capaci-
tance-voltage measurements (see Figure S4, Supporting
Information).

The hysteretic character of the switching behavior can be
utilized to deterministically set different resistive states. This
aspect has been presented in Figure 6a,b that shows with
current-voltage and corresponding conductance-voltage
characteristics, respectively with asymmetric voltage range
and opposed sweeping direction. The measurements were
conducted in two separate cycles. In the first cycle, the reset
voltage was fixed at +5 V and individual -V curves were meas-
ured as the set voltage was step-wise varied from -5 to -1 V
with a step size of 1 V. The results clearly demonstrated the
impact of the applied electric field on the conductance of the
material, as the differences in the conductance (between HRS
and LRS) and the effective resistance may be tuned from about
50 to 7 k€, respectively. The lower is the magnitude of the set
voltage, the higher the resulting conductance ranging from
the HR toward LR state at the end of the half-cycle. Note, the
repeated application of a high reset voltage while lowering of
set voltage magnitude results in a slight overall increase of
the conductance at the end of the final cycles. As shown in
Figure 5b the conductance hysteresis is not completely sym-
metric. In the positive voltage regime, the conductance does
not seem to be saturated contrary to the negative direction.
In the second cycle, the measurements were repeated, albeit
with reset voltage as —5 V and set voltage varied from +5 to
+1 V. The conductance after applying the set voltages reduces
from the LRS toward the HRS with decreasing values of set
voltage. The conductance saturates at about —4 V. Therefore
and in contrast to Figure 5b, a continuing decrement of the
conductance after repeated application of the negative reset
voltage is not observed and the conductance after resetting is
constant in Figure 5d. Figure 6 demonstrates the possibility of
bi-directional multistage resistive switching in the ITO/BFCO/
LSMO//STO heterostructure.
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Figure 6. Multistage bi-directional resistive switching. Current-voltage and conductance-voltage characteristics with reducing set voltage magnitude

in a,b) negative direction and c,d) positive direction, respectively.

Recent publications also demonstrated resistive switching in
Au/BFCO/LaNiO;/Si0,//Sil* and Au/BFCO/SnO,:F* struc-
tures attributing the effect to changed boundary condition due
to oxygen vacancy migration toward the interfaces.

2.4. Influence of Resistive Switching on Photovoltaic Effect
Figure 7a shows the dark -V characteristics for the pristine, LR

and HR states. The HR state has slightly higher conductivity
than the pristine state, while the LR state exhibits much larger

conductivity resulting in high currents under bias fields. An
increased dark conductivity influences the photovoltaic effect
under the assumption that the charge-separation mechanism
proceeds via bulk photovoltaic effect, which can be described by
the following equation

M
A(Opn + 0 gark)

oc

¢

Where I, A, 0y, and Og, are the distance between the elec-
trodes, the area, the photo and dark conductivity, respectively.
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Figure 7. Influence of resistive switching on photovoltaic properties/optical sensing of resistive state. a) Dark and b) photo (405 nm laser illumination)
current-voltage characteristics of initial, LR, and HR state. Fit (solid lines) used to extract V, values.
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In case of constant I, the resultant V,. depends on the overall
conductivity of the material. Hence, the LR and HR states may
be used to tune the obtainable V. from the devices.

Figure 7b presents I- V characteristics acquired under laser
light with photon energy of 3.06 eV. Interestingly, the short-cir-
cuit current (I,) from each state, that is, HR state (-35.2 pA),
LR state (—33.9 pA), and initial state (—35.2 @A) remain largely
similar. However, there is a apparent change in the corre-
sponding V.. It changes from 0.38 V in the initial state, to
0.18 V in the LR state, and back to 0.34 V in the HR state. Sim-
ilar to the situation in Figure 7a, the V,. does not completely
recover back to the pristine state. Comparing HR and LR
state, the V. and resistance (under light) reduce by half (V.
factor Ve e/ Vocrr =0.53; Ryg/Rig = 10.61 kQ/5.75 kQ =~0.54)
according to Equation (1).

Alternatively, Figure 7b also demonstrates the possibility to
use the photovoltaic effect to read out the conductive/resistive
state of the material. Similar findings have been shown in ITO/
BaTiO3;/LSMO//STO ferroelectric tunnel junctions at low tem-
perature, in which the resulting V. depends on the resistive
state of the memristor.3>4)

3. Conclusions

Epitaxial BFCO-based heterostructures were fabricated and
were tested for their photoelectric, ferroelectric, and resistive
switching properties. X-ray analysis was conclusive in proving
the single crystalline nature of the samples and RSM suggested
partial ordering of Fe and Cr ions at the B-site. TEM meas-
urements confirmed the existence of Fe- and Crrich layers
throughout the film thickness and atomic EDX provided a
visual proof. In line with theoretical calculations, the ordering
at the B-site not only serves lowering the band gap, but may also
have an impact on the resultant conductivity.! Consequently,
the photoresponse from the BFCO was measured to be around
700 times larger than from BFO. SPM techniques, that is PFM
and C-AFM, were used to test investigate the surface and fer-
roelectric properties. The polarization was switchable with +5 V
and written domains remained stable. In the C-AFM mode, the
domains of opposite polarities exhibited massively different
states of electrical resistance with differences of more than one
order of magnitude. Systematic scans conducted with different
bias voltages, suggested little or no interlink between the fer-
roelectric and resistive states of the samples. Hence it can be
implied, that oxygen ion migration and related mechanisms
might be at the origin of the observed effects. Another aspect
worthy to be mentioned is the higher conductivity in BFCO in
comparison to BFO (inset Figure 2b) which in turn also results
in much larger currents during the resistive switching. A pos-
sible reason could be the lower binding of oxygen 1s orbital in
the BFCO in comparison to BFO, allowing the oxygen ions to
easily dissociate.[*!

Macro-scale measurements were conducted to further
analyze the resistive switching characteristics. The SET and
RESET voltages were successfully implemented to fine-tune
the conductive states of the sample, and switch between
HR, LR, and intermediate states. The absence of any abrupt
change in the conductivity further supports this argument
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and suggests a rather homogeneous migration of oxygen-
ions during the SET and RESET processes.) The observed
gradual changes in the resistance, also referred to analogue
switching, are prerequisite for the realization of neuromor-
phic devices.”] The possibility to tune the conductance was
eventually utilized to tune the V. under light which also evi-
dently suggests the dominance of bulk-driven photoeffects in
the samples. It is imperative to note here that the direction of
I, and corresponding polarity of V., remain unchanged after
the application of SET/RESET voltages, thereby ruling out any
role of ferroelectric switching. The synergistic overlap of the
different functionalities elaborated in this work namely, ferroe-
lectricity, resistive switching and photovoltaics, presents BECO
as a rather lucrative system for highly coveted self-powered
photo-neuromorphic applications.

4. Experimental Section

Thin Film Growth Using Pulsed Laser Deposition and Electrode
Fabrication: The heterostructures were grown on single-crystalline STO
(001), substrates using a pulsed laser deposition system (SURFACE
PLD-Workstation, KrF excimer laser). The distance between the
stoichiometric ceramic targets and the substrate is set to 60 mm. The
films were cooled down at a rate of 20 °C min™' under a oxygen partial
pressure of =200 mbar (Table 1).

Top electrodes were structured using a direct-write photolithography
machine (DMO MicroWriter ML3) and ITO as transparent, conductive

electrode materials (thickness 100-125 nm) were subsequently
evaporated using a RF sputtering machine.
Spectroscopic  Ellipsometry:  The  ellipsometric  measurements

were performed by using a M2000 J.A. Woollam ellipsometer. The
ellipsometric data were evaluated and from the determined optical
constants of BFCO the absorption coefficient o was calculated.

Transmission Electron Microscopy: Cross-sectional specimen for TEM
investigations was prepared by focused gallium ion beam milling
(Zeiss Auriga Dual-beam FIB). A probe Cs-corrected Titan3 G2 60-300
microscope was used for TEM studies. The microscope was operated
at 300 kV accelerating voltage. The Titan was equipped with high-
brightness gun (X-FEG), several annual detectors (Fischione, FEIl),
and Super-X energy-dispersive X-ray spectroscopy (EDS) system (FEI
ChemiSTEM technology). Probe-forming aperture of 20 mrad was used
during scanning TEM (STEM) measurements. STEM images were
recorded with an annular dark-field detector (Fischione) using annular
ranges of 80-200 mrad, which correspond to high-angle annular dark-
field (HAADF) imaging condition. EDX maps were recorded in STEM
mode using the Super-X EDS system. The maps were acquired and
processed with Bruker software. The beam currents were set to 150 pA
during the EDX mapping.

Scanning Probe Microscopy: SPM measurements were acquired
with a Asylum Research Cypher equipped with a platinum-coated tip
(MikroMasch NSC 15). PFM measurements were performed in Dual
AC Resonance-Tracking (DART) mode with AC voltage of 1.5-2.5 V and
a center drive frequency of =1.3 MHz. For C-AFM measurements, the
read-out voltage was set to values of 1.5-2.5 V.

Table 1. PLD deposition parameters.

BFCO SRO LSMO BFO
Substrate temperature [°C] 700 750 650 725
O, partial pressure [mbar] 0.01-0.02 0.067 0.2 0.145
Laser repetition rate [Hz] 1-2 1 2 2
Laser fluence [J cm™] 1.50 116 133 1.50
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(Photo) Electrical Measurements: A high impedance electrometer /
source meter (Keithley 6517B / Keithley 2450) acted as a voltage source
(I-V characteristics, switching voltage) and simultaneously measured
the current. The samples were illuminated by a diode laser (Cobolt
06 MLD / Thorlabs LDM9T) with a wavelength of 405 nm and 20 mW
power. Additionally, a diode-based solar simulator (Wavelabs SINUS-70)
was used as a light source to measure under 1.5 AM condition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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6.S Supplementary Information

Figure 6.51: HR-TEM images of (a) BFCO/SRO//STO structure and (b) BFCO/SRO inter-
face.
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Figure 6.52: Fe and Cr composition profile along growth axis extracted from EDX maps of
BFCO/SRO//STO structure shown in Fig.1c in the manuscript. Vertical line
indicates the BFCO/SRO interface.
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Figure 6.S3: Current-voltage characteristics under 1.5AM solar simulator illumination of
ITO/BFCO/LSMO//STO (blue) and ITO/BFO/LSMO//DSO structure (green).
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Figure 6.S4: Vertical PFM phase image of BFCO/SRO//STO structure (a) after poling, (b)
after 2.5V C-AFM read-out, and (c) after one day. All images: 10x10 um?.
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Figure 6.S5: Capacitance as a function of applied voltage of ITO/BFCO/LSMO//STO struc-
ture. AC voltage is kept 0.1 V, whereas the frequency is changed from 100 kHz
(top), to 500 kHz (middle), to 1 MHz (bottom).

82




6. Resistive Switching in Ferroelectric Bi,FeCrOg Thin Films and Impact on the PV Effect

Summary - CHAPTER 6

Epitaxial Bi,FeCrOg thin films with intermediate conductive perovskite oxide layer
(Lag.7Sro3MnO3 or SrRuO3) were grown on SrTiO5 substrates using PLD. The high
thin film quality was confirmed using AFM, XRD and TEM measurements. XRD RSM
measurements implied the existence of a layered ordering inside the Bi,FeCrOg layer.
High-resolution TEM EDX mapping revealed a self-ordered ionic arrangement of the
B-site cations (Fe®* and Cr3*) throughout the film thickness (Figure 6.1). A reduced
band gap and a higher conductivity were identified as possible reasons for a supe-
rior photovoltaic performance compared to BiFeO; reference samples (Figure 6.2).
PFM measurements were used to test the local ferroelectric switching properties
(Figure 6.3). The reliable ferroelectric switching was accompanied by a persistent
change of the electrical resistance as demonstrated by further C-AFM investigations.
More detailed PFM/C-AFM measurements were used to explore the connection be-
tween ferroelectric and resistive switching. Through this, the mechanism behind the
resistive switching was demonstrated to be decoupled from the ferroelectric switch-
ing (Figure 6.4). Furthermore, the resistive switching behavior was also demonstrated
on a macroscopic scale using transparent In,O3:Sn top electrodes (Figure 6.5). The
macroscopic measurements demonstrated a robust bi-directional multi-stage resistive
character (Figure 6.6). The characterization of the photovoltaic effect of different resis-
tive states revealed different magnitudes of the open-circuit voltage. Because of the
direct influence of the resisitve switching on the photovoltaic properties, the readout of
the open-circuit voltage can reveal information about the resistive state (Figure 6.7).
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CHAPTER 7

Summary & Conclusion

The main objective of this cumulative thesis was to present the results of fundamen-
tal investigations of the BPV effect in bismuth-based ferroelectric perovskite oxides,
BiFeO3 and Bi>FeCrOg. The major results of this thesis were published in three peer-
reviewed articles as presented in Chapter 4, Chapter 5 and Chapter 6.

Both materials exhibit promising functional properties and especially their magne-
toelectric multiferroic character make both materials interesting for novel applications.
Furthermore, BiFeO3; and Bi,FeCrOg are known to show prominent photovoltaic ef-
fects. BiFeO; is one of the prototype photovoltaic ferroelectric material due to its
comparable low band gap and its ferroelectric character with high polarization values.
The occurrence of a lateral polarization component in epitaxially grown thin films on
various substrates is another property, which makes BiFeO; interesting for various
applications and fundamental experiments of the BPV effect.

As part of this work, systematic in-plane BPV measurements under linearly polar-
ized light of epitaxial BiFeOj3 thin films with unordered (BiFeO;//SrTiO3) and ordered
(BiFeO3//DyScO3) domain arrangement were conducted. The experimental findings
were followed by analytical calculations, which demonstrated the tensorial nature of
the PV effect in BiFeO3;. Moreover, the observed open-circuit voltages (> 10V) ex-
ceeded the corresponding band gap (2.7 eV). By accompanying the BPV measure-
ments with a detailed PFM analysis, it was possible to monitor the change of the
ferroelectric domain structure under the application of electric fields. In doing so, a
sensitive co-dependency between the ferroelectric domain configuration and the BPV
response was observed. Consequently, the BPV response could be used to estimate
the switching progress in the entire electrode gap. Furthermore, the results unrav-
eled the possibility to utilize BPV measurements to analyze and trace the net in-plane
polarization of large areas.

After the demonstration of the possible utilization of BPV measurements under lin-
early polarized light to gain information of the present ferroelectric polarization state,
the BPV effect under circularly polarized light, the circular BPV effect, was investi-
gated in BiFeO; for the first time. Systematic photoelectrical investigation of BiFeO3
thin films with ordered domain configuration (BiFeO3//DyScQ,) illustrated the evolu-
tion of the BPV effect while the light polarization was modulated from linear to elliptical
to circular. The observed open-circuit voltage values under circularly polarized light
(> 20V) were found to be well-above the corresponding band gap. However, the
experimental findings partially contradicted the predicted behavior based on the ten-
sorial analysis of the effect and an anomalous character of the circular BPV effect
in BiFeO3; was observed. A deeper analysis of the domain-resolved BPV response
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suggested the existence of a domain-specific and chirality-dependent light-matter in-
teraction. The adjustment of the electrode alignment with respect to the net in-plane
polarization of one ferroelectric domain variant led to a maximum open-circuit voltage
exceeding 25V under left-handed circularly polarized light. Whereas the measured
open-circuit voltage under right-handed circularly polarized light almost vanished. It
was possible to reverse this scenario by aligning the electrodes with respect to the
other domain variant. Theses findings demonstrated a light-chirality-dependent ON
and OFF state of the circular BPV effect. In conjunction with spatially-resolved Ra-
man scattering experiments, the observed behavior supported the assumption of a
domain-specific and chirality-depend light-matter interaction. The chiral magnetic tex-
ture in BiFeO3, the antiferromagnetic spin cycloid, could be the origin of this differential
light-domain behavior.

The demonstrated existence of both ferroelectric and ferromagnetic properties
at room temperature and the established record solar conversion efficiency of per-
ovskite oxide materials made Bi,FeCrOg an interesting material for investigations of
functional properties and their interplay. The last part of this work focused on the
investigation of (photo)electrical properties of Bi,FeCrOg thin film heterostructures
(BioFeCrOg/SrRuO3//SrTiO3 & BioFeCrOg/Lag 7Sro3sMnO3//SrTiO3). The initial struc-
tural characterization of the Bi,FeCrOg thin films based on XRD and transmission
electron microscopy (TEM) methods confirmed the high thin film quality and revealed
a self-ordered ionic arrangement of the B-site cation. Furthermore, a reduced band
gap and higher conductivity led a superior PV performance compared to a BiFeO;
reference sample. However, the observed PV performance was inferior compare to
the reported solar conversion efficiency record. Following the literature, one under-
lying pre-condition to obtain high PV performance was the application of high elec-
tric fields to achieve a uniform alignment of the ferroelectric polarization. The ferro-
electric switching behavior of the investigated Bi,FeCrOg thin films was tested using
SPM techniques, revealing the co-existence of ferroelectric and resisitve switching.
However, the two switching characteristics were found to be independent from each
other. The experimental findings at microscopic scale were confirmed with macro-
scopic measurements using transparent In,O3:Sn top electrodes. A bi-directional
multi-stage resistive switching behavior was observed. Finally, a direct impact of the
resistive switching behavior on the PV properties was demonstrated.

The photoelectrical investigations summarized in this chapter demonstrate the va-
riety of functional properties observable in BiFeO3; and Bi,FeCrOg. Even though the
use of the BPV effect in energy-harvesting devices might not be feasible in the fore-
seeable future, fundamental investigations of this effect can result in a better under-
standing of ferroelectric perovskite oxides and open the door for novel applications.
The BPV effect can be utilized for non-destructive readout of the ferroelectric polar-
ization in future non-volatile memory devices. The principle of new detectors could be
based on the dependence of the BPV effect on the light polarization state. The im-
plementation of photovoltaic ferroelectric functional oxides could lead to self-powered
neuromorphic devices. Furthermore, one of the innumerable different compositions
of perovskite oxides, not yet explored, could open the door for energy-harvesting ap-
plications in the future.
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