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Abstract

Oxide heterostructures have emerged over the last decade as a promising platform
for energy-efficient electronics. Among oxides, ferroelectric materials, owing to
their spontaneous polarization that can be controlled by an electric field, stand
out as natural memory elements for low-power devices. In devices, thin films of
ferroelectric materials need to be prepared with a high degree of control over the
ferroelectric response. Regions of a ferroelectric material where electric-dipole
moments point in the same direction are referred to as domains. Domain structure
is the key property in applications because it determines the switching path of
polarization and possible polarization states.

The domain structure is commonly set already during the integration of a
ferroelectric layer into a heterostructure. The two interfaces of a ferroelectric
layer, the interface towards the substrate (bottom) and the interface towards the
surface (top), predominantly govern the ferroelectric response. While the influence
of the bottom interface is set already during the deposition of the ferroelectric
layer, the influence of the top interface evolves even after the deposition of the
ferroelectric layer. Understanding the ferroelectric response of a thin film thus
requires understanding the interplay of the contributions of the two interfaces.
However, disentangling the contributions of interfaces is difficult post-deposition,
and conventional techniques for the characterization of ferroelectric materials
cannot be used during the thin-film synthesis.

In this thesis, we use second harmonic generation as a non-invasive nonlinear
optical tool for directly investigating the emergence and evolution of ferroelectricity
in oxide heterostructures. We develop the use of in situ second harmonic gener-
ation to study ferroelectricity during the thin-film deposition in real time. We use
this approach, which is unique in the world, to study ferroelectricity in two model
systems: barium titanate and lead titanate.

In the first two projects, we unravel the dynamics of the polarization during
the growth of ferroelectric-based heterostructures. We first study the dynamics of
polarization during the integration of the ferroelectric layer into a prototypical device
architecture of a capacitor. Surprisingly, we observe a polarization suppression
during the deposition of the top electrode as a result of the transiently insufficient
charge screening at the top interface. This insight enables us to stabilize a robust
single-domain configuration in a ferroelectric-based capacitor.



We take this a step further to explore the interface-governed polarization in
the second project. We observe only the influence of the bottom interface on the
polarization direction during the growth and the influence of both interfaces on
the polarization direction once the growth is halted. We establish the concept of
competition and cooperation of interfaces in the setting of the polarization direction.
We find that in the case of matching interface contributions, we can even stabilize
a robust single-domain configuration in an unfavorable electrostatic environment.

In the next two projects, we move on to investigating complex arrays of dipole
moments and ordered multi-domain structures in ferroelectric|dielectric multilayers.
Using the non-invasive optical characterization ex-situ, we detect phase coexis-
tence and interlayer coupling of polarization in such multilayers. We furthermore
manipulate an ordered multi-domain configuration forming at the nanoscale into
stable single-domain regions using electric fields of a scanning-probe tip.

The results presented in this thesis demonstrate that the thin-film synthesis
is the decisive point for setting the ferroelectric response that is observed post-
deposition. The developed approach for monitoring polarization during the growth
is thus essential for understanding and engineering polarization in ferroelectric-
based heterostructures. Our observation of the emergence and evolution of
ferroelectricity in oxide heterostructures not only complements the standard char-
acterization, but allows access to previously overlooked polarization dynamics.
The access to these transient polarization states that occur during the synthesis
is instrumental in explaining the often unexpected ferroelectric response once
the synthesis is completed. Moreover, based on the information obtained during
the synthesis, we tune the growth process to stabilize the coveted robust single-
domain polarization in the ultrathin regime. We furthermore show the potential
of following the same approach in studying more complex ordering of dipole mo-
ments and open up a path towards the use of this approach operando. Ultimately,
we provide new routes to engineer the domain structure in ferroelectric layers
displaying improved functionalities.



Zusammenfassung

Oxidische Heterostrukturen haben sich im letzten Jahrzehnt als vielversprechende
Plattform fir energieeffiziente Elektronik entwickelt. Unter den Oxiden zeichnen
sich ferroelektrische Materialien aufgrund ihrer spontanen Polarisation, die durch
ein elektrisches Feld gesteuert werden kann, als natlrliche Speicherelemente fir
Gerate mit niedrigem Stromverbrauch aus. In Geraten missen dliinne Schichten
aus ferroelektrischen Materialien mit einem hohen Grad an Kontrolle tber die
ferroelektrische Reaktion hergestellt werden. Bereiche eines ferroelektrischen
Materials, in denen die elektrischen Dipolmomente in dieselbe Richtung zeigen,
werden als Domanen bezeichnet. Die Domanenstruktur ist die Schllsseleigen-
schaft in der Anwendung, da sie den Schaltweg der Polarisation und die méglichen
Polarisationszustande bestimmt.

Die Doméanenstruktur wird in der Regel bereits bei der Integration einer ferro-
elektrischen Schicht in eine Heterostruktur festgelegt. Die beiden Grenzflachen
einer ferroelektrischen Schicht, die Grenzflache zum Substrat (unten) und die
Grenzflache zur Oberflache (oben), bestimmen maf3geblich das ferroelektrische
Verhalten. Wahrend der Einfluss der unteren Grenzflache bereits wahrend der Ab-
scheidung der ferroelektrischen Schicht festgelegt wird, entwickelt sich der Einfluss
der oberen Grenzflache sogar erst nach der Abscheidung der ferroelektrischen
Schicht. Um das ferroelektrische Verhalten einer diinnen Schicht zu verstehen,
muss man also das Zusammenspiel der Beitrdge der beiden Grenzflachen verste-
hen. Es ist jedoch schwierig, die Beitrdge der Grenzflachen nach der Abscheidung
zu entwirren, und herkdmmliche Techniken zur Charakterisierung ferroelektrischer
Materialien kdnnen wahrend der Diinnschichtsynthese nicht verwendet werden.

In dieser Arbeit verwenden wir die Erzeugung der zweiten Harmonischen als
nicht-invasives nichtlinear-optisches Werkzeug, um die Entstehung und Entwick-
lung der Ferroelektrizitat in oxidischen Heterostrukturen direkt zu untersuchen. Wir
entwickeln den Einsatz der in situ Erzeugung der zweiten Harmonischen, um die
Ferroelektrizitdt wahrend der Diinnschichtabscheidung in Echtzeit zu untersuchen.
Wir nutzen diesen weltweit einzigartigen Ansatz, um die Ferroelektrizitat in zwei
Modellsystemen zu untersuchen: Bariumtitanat und Bleititanat.

In den ersten beiden Projekten entschliisseln wir die Dynamik der Polarisa-
tion wahrend des Wachstums von Heterostrukturen auf ferroelektrischer Basis.
Zunéachst untersuchen wir die Dynamik der Polarisation wahrend der Integra-
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tion der ferroelektrischen Schicht in eine prototypische Bauelementarchitektur
eines Kondensators. Uberraschenderweise beobachten wir eine Polarisations-
unterdriickung wéhrend der Abscheidung der oberen Elektrode als Folge der
vortbergehend unzureichenden Ladungsabschirmung an der oberen Grenzflache.
Diese Erkenntnis ermdglicht es uns, eine robuste Single-Domain-Konfiguration in
einem ferroelektrisch basierten Kondensator zu stabilisieren.

Wir gehen noch einen Schritt weiter und untersuchen die grenzflachengesteu-
erte Polarisation im zweiten Projekt. Wir beobachten nur den Einfluss der unteren
Grenzflache auf die Polarisationsrichtung wahrend des Wachstums und den Ein-
fluss beider Grenzflachen auf die Polarisationsrichtung, sobald das Wachstum
gestoppt ist. Wir etablieren das Konzept der Konkurrenz und Kooperation von
Grenzflachen bei der Einstellung der Polarisationsrichtung. Wir finden, dass wir im
Falle Gbereinstimmender Grenzflachenbeitrdge sogar eine robuste Single-Domain-
Konfiguration in einer unglnstigen elektrostatischen Umgebung stabilisieren kén-
nen.

In den nachsten beiden Projekten gehen wir dazu Uber, komplexe An-
ordnungen von Dipolmomenten und geordnete Multidom&nenstrukturen in
ferroelektrischen|dielektrischen Multilayern zu untersuchen. Mit Hilfe der nicht-
invasiven optischen Charakterisierung ex-situ detektieren wir die Phasenkoexis-
tenz und die Interlayer-Kopplung der Polarisation in solchen Multilayern. Des
Weiteren manipulieren wir eine geordnete Multidomanenkonfiguration, die sich auf
der Nanoskala bildet, mit Hilfe elektrischer Felder einer Scanning-Probe-Spitze in
stabile Einzeldoméanenbereiche.

Die in dieser Arbeit vorgestellten Ergebnisse zeigen, dass die Dinnschichtsyn-
these der entscheidende Punkt fiir die Einstellung der ferroelektrischen Antwort
ist, die nach der Abscheidung beobachtet wird. Der entwickelte Ansatz zur Uber-
wachung der Polarisation wahrend des Wachstums ist daher essentiell fir das
Verstédndnis und das Engineering der Polarisation in ferroelektrisch basierten
Heterostrukturen. Unsere Beobachtung der Entstehung und Entwicklung der
Ferroelekitrizitat in Oxid-Heterostrukturen erganzt nicht nur die Standardcharak-
terisierung, sondern erméglicht auch den Zugang zu bisher tibersehenen Pola-
risationsdynamiken. Der Zugang zu diesen transienten Polarisationszusténden,
die wahrend der Synthese auftreten, ist entscheidend fiir die Erklarung der oft
unerwarteten ferroelektrischen Reaktion nach Abschluss der Synthese. Basierend
auf den Informationen, die wir wahrend der Synthese erhalten, kbnnen wir den
Wachstumsprozess so abstimmen, dass die begehrte robuste Single-Domain-
Polarisation im ultradiinnen Bereich stabilisiert wird. Dariliber hinaus zeigen wir
das Potenzial des gleichen Ansatzes bei der Untersuchung komplexerer Anord-
nungen von Dipolmomenten und er6ffnen einen Weg zur Anwendung dieses
Ansatzes operando. Letztendlich bieten wir neue Wege, um die Domanenstruktur
in ferroelektrischen Schichten mit verbesserten Funktionalitdten zu entwickeln.
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Introduction 1

The amount of created and stored data is growing exponentially [1]. Storing
and processing these requires increasing amounts of electric energy. The global
demand for electric energy for electronic devices is thus on a constant rise, which
presents a societal challenge in the face of the climate crisis [2]. The search for
materials for energy-efficient devices is an important part of solving this challenge.

In electronic applications, materials are used in their thin-film form. For reliable
applications, a high level of control over the functional property needs to be
achieved. The prerequisite of a controlled functional property is the production
of “ideal” films, i. e. epitaxial films with low defect levels. In the last 20 years,
in addition to semiconductor films, it is also possible to produce thin films of
most complex oxides with comparably high quality [3, |4]. Oxides are attractive
components for the next generation of electronic devices because they exhibit a
wide range of easily tunable properties that are not present in semiconductors. In
the broad emerging field of oxide electronics, ferroelectric thin films, as studied in
this thesis, emerge as a promising platform for low-power devices [5-9].

Since the discovery of ferroelectricity in Rochelle salt in 1920 by J. Valasek [10],
ferroelectrics, especially oxides with perovskite structure, are increasingly used
for their pyroelectric and piezoelectric properties, their high dielectric constant
and their nonlinear optical effects. More recently, ferroelectric films exploiting
the polarization itself are developed for energy-efficient device components. For
example, the local dipole moments inside the ferroelectric can be understood as
“natural” bit elements for ferroelectric-based memories [11-15]. The advantage
of ferroelectric-based memories to the currently widespread memories is their
energy-efficiency because the memory state is non-volatile and set with electric
fields.

Ferroelectric materials are implemented in devices in the form of ultrathin
films that have a thickness of only a few nanometers. The ferroelectric properties
of such thin films are highly susceptible to the influence of their interfaces [16].
Epitaxial strain imposed by the substrate enhances the ferroelectric-paraelectric
transition temperature, often above the growth temperature. As a result, the
polarization is already determined during growth. However, in a typical growth
chamber, there are only means for monitoring the structural sample quality, but
not the functional property of the film (its ferroelectricity). Additionally, most
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samples are heterostructures that consist of several layers which influence each
other’s properties in ways which are difficult to disentangle after the growth. The
lack of control over polarization during the thin-film synthesis and integration of
ferroelectric layers into heterostructures leads to unreliable polarization properties
which hinder their use in applications.

Here we seek to illuminate the specific properties that arise during the depo-
sition of ultrathin ferroelectric films. Detecting and controlling the polarization in
ultrathin ferroelectric layers extends throughout this thesis. We explore the physics
of polarization in prototypical systems of ferroelectrics with perovskite structure
using a non-invasive nonlinear optical method [17,18]. Such optical probing of
polarization states is ideal for in-situ and operando measurements. Ultimately,
this work sheds light on the emergence and evolution of ferroelectricity, vital for
designing the polarization for targeted applications [19, 20].

The following main questions form the cornerstones of this thesis:

(1) What previously inaccessible polarization dynamics can we unravel
with nonlinear optics during the deposition of ultrathin ferroelectric
films? Understanding the ferroelectric response of a ferroelectric-based
heterostructure is difficult because of the combined effect of interfaces,
which cannot be easily disentangled post-deposition . We access the
polarization dynamics during the growth of ultrathin films to explain the
surprising ferroelectric response post-deposition. For example, we evidence
the polarization suppression during the integration of a ferroelectric layer into
a ferroelectric-based capacitor [21-24] and the polarization reconstruction
under the effects of defect formation at ferroelectric interfaces [25-28].

(2) How can we use this new access to polarization during the film growth
via nonlinear optics to favor a desired ferroelectric response? Engi-
neering the polarization has so far been restricted to only one interface [29}-
36]. By observing the polarization at each stage of heterostructure growth,
we can evaluate the individual contributions of interfaces in the setting of the
domain structure and the polarization direction of a ferroelectric layer. We
use these findings to tune the growth process and the heterostructure itself
to stabilize robust single-domain configurations in the ultrathin regime.

(3) Can we use nonlinear optics to characterize the more complex order-
ing of dipole moments in multilayers and can we deterministically ma-
nipulate polarization in such structures using electric fields? Identi-
fication of so-called complex arrays of dipole moments typically relies on
destructive or arduous methods [37H45]. We non-invasively detect the pres-
ence of phase coexistence and interlayer coupling using nonlinear optics,
which could be invaluable for future operando studies. In a related system
hosting an ordered multi-domain structure, we perform another step towards
operando studies: controlled manipulation of polarization with electric fields.



The thesis is structured as follows:

In Chapter 2 we introduce ferroelectricity, the depolarizing field, the engineer-
ing of the domain structure in epitaxial films, and ferroelectric-based applications.
We explain these concepts in relation to the challenges of integrating ultrathin fer-
roelectrics into device architectures and introduce the model systems investigated
in this thesis.

Chapter [3| provides an overview of the experimental techniques used through-
out this thesis for the structural and ferroelectric characterization of films. In
addition to the brief introductions of standard characterization techniques, we
elaborate on optical second harmonic generation as the main characterization
technique of this work. The emphasis is on its unique implementation into the
pulsed laser deposition process, which enables tracking the emergence and
evolution of ferroelectricity during growth.

Chapter [4] and Chapter 5| are devoted to addressing (1) and (2) i. e., to
transient phenomena during the growth of ferroelectric-based heterostructures.
In Chapter [d] we discuss charge screening at ferroelectric interfaces in BaTiO3-
based capacitor. We present the observation of the emergence of polarization
during the growth of the ferroelectric layer and an unexpected suppression of
polarization during the growth of the top electrode. We find the origin of this net
polarization suppression in the thickness-dependent charge screening properties
of the top electrode. The understanding of the origin of the polarization suppression
leads us to a path to stabilize robust net polarization in a ferroelectric-based
capacitor. In Chapter 5| we investigate the polarization dynamics during ongoing
and halted growth of a ferroelectric layer to separate the impact of individual
interfaces on the polarization state in PbTiO3. We develop the concept of interface
configurations which determine the polarization state in a ferroelectric film with
polarization perpendicular to the sample plane. We present the consequences
of interface configurations on the polarization state post-deposition and identify a
configuration with a robust polarization in unfavorable electrostatic conditions.

In Chapter [6|and Chapter|[7, we move on to (3) i. e. to studying polarization
ordering that arises in ferroelectric|dielectric multilayers of PbTiO3|SrTiO3 with
a net polarization parallel to the sample plane. In Chapter 6], we detect phase
coexistence and interlayer coupling of polarization using the non-invasive tabletop
approach discussed above: second harmonic generation. In Chapter|[7] we ma-
nipulate the as-grown multi-domain structure in ferroelectric|dielectric superlattice
to single domain regions using in-plane electric trailing fields.






Ferroelectric thin films 2

2.1 Ferroelectricity

Ferroics are materials that are characterized by their switchable long-range ordered
structure, which can be in shape (ferroelastic), charge (ferroelectric) or magnetic
moment (ferromagnetic). An extensive description of ferroics can be found in
Introduction to Ferroic Materials by Vinod K. Wadhawan [46], and Introduction
to Solid State Physics by C. Kittel [47]. | discuss here the basic properties of
ferroelectric materials. A longer description of ferroelectrics can be found in, for
example, Principles and Applications of Ferroelectrics and Related Materials by M.
E. Lines and A. M. Glass [48].

2.1.1 Electrostatics of electric polarization

We consider the electrostatics of electric polarization, first for the case of a single
electric dipole and then for a polarized medium.

Electric dipole

A pair of electric charges of equal magnitude ¢ but opposite sign, separated by
a distance d, is termed an electric dipole. The dipole moment p of this pair of
charges can be expressed as p = ¢qd, where d is the displacement vector. By
convention, the direction of the dipole moment is chosen to be from the negative
charge to the positive charge. When following this convention, the electric dipole
is aligned parallel to the external electric field Eext, see Fig.[2.1]a).

The electric field produced by an electric dipole is equivalent to the field of its
two constituent charges, and at a distance z > d equals

I —p

e 2.1
Amey 23 2.1)

Edip =

where g is the electric constant. Within the dipole, the electric field produced by
the two constituent charges is opposite to the direction of the dipole moment, see

Fig 2-7b).
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Figure 2.1: (a) Schematic of the alignment of an electric dipole with a dipole moment p in
an external electric field Eex. (b) Schematic of the electric field Egjp that is produced by
an electric dipole. (¢) Schematic of the dipole moments and bound charge in a polarized
medium. The resulting magnitude and direction of the electric field E inside and outside
are shown at different positions z. The electric field inside the medium is termed the
depolarizing field Eq and the electric field outside the medium is termed the electric stray
field Es.

Polarized medium

The discussion below applies to the macroscopic scale, while microscopic fields
inside a polarized medium depend on the choice of the inspected volume and the
exact position with respect to the local dipole moments.

In a polarized medium, a macroscopic number of aligned dipole moments
can be identified. The polarization P is defined as the dipole moment per unit
volume. The electric field that is induced by the polarization itself is equivalent to
the sum of the electric fields produced by all charges within the polarized medium.
This electric field can be found to correspond to the field of the bound charge at
the interface op = P - n and the bound charge in the volume p, = —V - P. For
uniformly polarized media, the electric field in the medium is equivalent to the
electric field of the bound charge at the interface, see Fig. [2.1|c). The electric field
is produced by the bound charge both outside the polarized medium, as well as
inside the medium. Inside the medium, the electric field is opposite to the direction
of the polarization and is therefore termed the depolarizing field Eq. Outside the
medium, the electric field is termed the electric stray field Es.

2.1.2 Electric polarization in materials

Electric polarization in materials commonly occurs on the level of the unit cell
(u. c.) of a polar crystal by the formation of local dipole moments. Dipole moments
arise from two contributions: the electronic contribution that results from the
displacement of the electronic shells with respect to the atomic core and the ionic
contribution that results from the displacement of ions with respect to each other.

Electric polarization in materials can be either spontaneous or induced by an
electric field.



The appearance of a spontaneous polarization Pg can be understood to be a
result of freezing of a phonon mode that is referred to as the “soft mode” [49, [50].
In this case, the polar configuration is energetically more stable than the non-polar
configuration. Materials exhibiting spontaneous polarization are called pyroelectric.
In the absence of external fields, the electric displacement field is related to the
polarization and its electric field as

D = &E + P. (2.2)

Additionally, polarization can be induced by an external electric field in so-
called dielectric materials. In the linear approximation, polarization induced by
an external electric field equals Ping = €9 xEext, Where x is the susceptibility of a
material. The induced electric displacement field is

Dind = €0Eext + Pinda€0(1 + X)Eext = €0&/Eext, (2.3)

where g, is the relative permittivity of a material e, = x + 1.

Ferroelectrics

Ferroelectrics are materials possessing a spontaneous electric polarization Pg
that can be reoriented through the application of an external electric field.

In ferroelectrics, there are either two or more degenerate polarization states.
Different polarization states can coexist within a ferroelectric material. Each
region with a uniform polarization state is called a domain, and two domains are
separated by a domain wall. An abstract arrangement of polarization in domains
with respect to domain walls is referred to as a domain structure. Ordered multi-
domain structures arise to satisfy competing local and non-local energetics [51,
52]. A specific arrangement of domains in a sample is referred to as a domain
configuration.

Ferroelectrics have a hysteretic dependence of polarization on electric field,
meaning that there is a finite coercive field E; at which the polarization direction is
reversed (Fig.[2.2(a)). Ferroelectricity disappears above a Curie temperature T¢
at which the material becomes paraelectric (Fig. [2.2|b)).

Doman size

The domain size w in all ferroic films typically scales according to the square root
of the film thickness ¢ [52-55]: w = B+/t, where B a prefactor that depends on the
typical length scale of domain walls, which is in the case of ferroelectrics about 6
nm!/2 [5658]. When the domain size is below the film thickness, the square-root
law is no longer obeyed, and the equilibrium domain size is predicted to increases
with decreasing film thickness [59}, [60].
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Figure 2.2: (a) Idealized hysteretic dependence of polarization P in a ferroelectric on
electric field E. The coercive field is indicated as E.. (1),(3) A single-domain configuration.
(2),(4) A multi-domain configuration with no net polarization. (b) Temperature dependence
of spontaneous polarization Ps in a ferroelectric material with a Curie temperature Tg.

Materials

In this thesis, we focus on the technologically most important ferroelectrics: oxides
with a perovskite structure. The structure of perovskite oxides with the chemical for-
mula ABOj3 consists of alternating atomic planes of AO and BO», as schematized
in Fig.[2.3|a).

The tetragonal crystal structure can be described as a rectangular prism with
a square base a by a and height ¢. Domains with polarization along a are referred
to as a-domains. More specifically, a-domains with polarization along [100] are
termed ai-domains and domains with polarization along [010] are termed
a»-domains. Domains with polarization along the base diagonal are referred to
as aa-domains. In analogy, aa-domains with polarization along [110] are termed
aa;-domains and domains with polarization along [110] are termed aa,-domains.
Domains with polarization along c are referred to as c-domains.

The local dipole moments are a result of the ionic (B-site and oxygen) and
electronic displacement with respect to the center of mass of the A-site ions. We
use here the two classic examples of ferroelectric perovskites, BaTiO3 (BTO) and
PbTiO3 (PTO), as model systems. Both of these systems exhibit a tetragonal
crystal structure with 4mm point-group symmetry in the ferroelectric phase. The
electric dipole moment in BTO results from the ionic displacement of the titanium
ion with respect to the barium and oxygen ions and points in the direction of the
titanium-ion displacement [61},62], see Fig.[2.3(b-d). The dipole moment in PTO
additionally has significant contributions from the displacement of the electrons
(lead 6s lone pair) and oxygen ions [63-65] with respect to the lead ions. In the
case of PTO, these additional contributions reverse the direction of the dipole
moment with respect to the direction of the titanium-ion displacement. An overview
of properties of BTO [66) 67] and PTO [68],[69] is given in Table[2.1]
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Figure 2.3: (a) Schematic of the perovskite crystal structure. (b—d) Schematic of ionic
displacement (black arrow) of the Ti** cation (b) along the a edge of the u. c. (left), (c)
along the base diagonal (middle), and (d) along the ¢ edge of the u. c. (right).

| point group ‘ Tc (°C)  Pg (MC/cm?) a(A) cin (A) cla
4mm 120 26 3.996 4.034 1.0095
490 60 3.905 4.130 1.0590

BTO
PTO

4dmm

Table 2.1: An overview of the point group, Curie temperature T¢, spontaneous polarization
Ps and lattice constants at room temperature for BTO and PTO.

2.2 Depolarizing field in ferroelectric thin films

The ferroelectric properties of thin films significantly differ from those of their
bulk counterparts because of the increasing role of the film’s interfaces with
the decreasing film thickness. We will discuss one of the limiting aspects for the
technological advancement of ferroelectric thin films: the effects of the depolarizing
field.

The energy minimum of the system is a balance between the energy reduction
from the spontaneous displacement of charges in a polarized medium and the
energy increase associated with the resulting electric field. The energy reduction
from the spontaneous displacement of charges in a polarized medium is propor-
tional to the volume of the material. The energy increase associated with the
electric field produced by a polarized medium is [48]

W—l/D-EdV, (2.4)
2 Jy

where V' is the volume of the medium. To reduce W, we need to suppress the net
polarization or screen the bound charge because E arises from the bound charge
at the interface of the polarized medium.

Because of its origin, the depolarizing field Eq4, as defined in Subsection [2.1.1],
depends on the geometry of the system and the orientation of the polarization. This
relation can be described using a depolarizing tensor for a general ellipsoid shape
of the system. In specific cases, the depolarizing tensor can be expressed as a
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simple factor. For example, for a uniformly polarized sphere we have Eq= —%P,
for an infinitely thin film with a polarization perpendicular to the film surface (out-
of-plane) Eq = —%P and for a film with a polarization parallel to the film surface

(in-plane) Eq = 0.

(a) (b) ++——+—

[T

——++—+

iiige

Figure 2.4: (a) Schematic of the dipole moments (black arrows) and bound charge for
decreasing thickness of a ferroelectric-based capacitor in which the polarization points
out-of-plane. The resulting electric field inside the film is termed the depolarizing field
Eq4. (b) Schematics of possible scenarios of net polarization suppression: splitting into
a multi-domain configuration (top), reduction of Curie temperature (middle), rotation of
polarization to in-plane (bottom).

2.2.1 Effects of screening of electric field on out-of-plane
polarization in thin films with a finite thickness

The balance between the energy reduction from the spontaneous displacement
of charges in a polarized medium and the energy increase associated with the
resulting electric field depends on the film thickness d > 0 and the screening
environment. For simplicity, we consider a ferroelectric-based capacitor in which
the polarization P of the ferroelectric layer is independent of thickness. For ideal
screening of surface charge at the ferroelectric interfaces by the mobile charge in
the electrodes, there is no remaining depolarizing field (Eq = 0) and polarization
can be stable at any thickness. In real electrodes, however, the mobile charge is
always distributed at a finite thickness next to the ferroelectric interfaces which is
defined as the screening length A. There is thus always a finite depolarizing field
which can be expressed as Eq = —%P, see Fig a). The energy reduction
from a uniform spontaneous out-of-plane displacement of charges is proportional
to the film thickness d. By considering Eq.[2.2/and Eq.[2.4] we find that the increase
of energy associated with the depolarizing field for has two terms proportional
to 1/d and Ind/dy, where dj is the minimal thickness of the polarized medium
(typically a single u. c.). Outside the film, the electric stray field does not directly
depend on the film thickness. The energy balance thus shifts in favor of the electric
field when reducing the film thickness. As a result, the net polarization needs to
be suppressed below a certain thickness. Note that in the absence of charge
screening, a suppression of the net polarization is predicted at any thickness of
the ferroelectric layer [70].
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The suppression of the net polarization can occur through the formation of
domains [71], reduction of Curie temperature [72] or rotation of polarization to the
in-plane direction, see Fig. [2.4(b). Multi-domain breakdown occurs as result of the
balance between the energy required to form a domain wall and the electrostatic
energy of out-of-plane domains. The bound charge at ferroelectric interfaces,
which produces the electric field, can be screened by free electric charges, see
details in Subsection

2.2.2 Comparison with magnetism

For a magnetized medium, the magnetization M, magnetic induction B and mag-
netic field H are equivalent to the polarization P, electric field E and electric
displacement field D, respectively. In analogy to the identification of the electric
field inside the material as depolarizing field Eq and the electric field outside the
medium as electric stray field Eg, one can identify the magnetic field inside the
medium as demagnetizing field Hq and the magnetic field outside the medium as
magnetic stray field Hs.

The demagnetizing field depends on the the geometry of the system and
the orientation of magnetization in the same manner as the depolarizing field, i.
e., the demagnetizing tensor corresponds to the depolarizing tensor. Therefore,
for specific cases of a uniformly magnetized sphere Hq= —%M, for an infinitely
thin film with out-of-plane magnetization Hy = —M and for a film with in-plane
magnetization Hg = 0.

On the microscopic scale, however, the magnetic dipole cannot be separated
into its monopoles, unlike the electric dipole. As a result, the screening of the
magnetic field is in practice more difficult than the screening of the electric field.
Screening of the magnetic field can be achieved by either a magnetized medium
that has a high permeability or an equivalent magnetic field in the opposite direction
produced by an external source.

2.3 Engineering the domain structure in epitaxial films

The ferroelectric response is governed by intrinsic contributions, such as sponta-
neous polarization and energy to form a domain wall, and extrinsic contributions,
such as history and environment. Because of the high interface-to-volume ratio in
ferroelectric thin films, extrinsic contributions at interfaces play a dominant role in
setting the ferroelectric state. Controlling the interfaces of thin films thus creates a
framework for tuning the ferroelectricity towards a targeted application [19)], 20],
see Section The common denominator of all applications of ferroelectrics is
the need for a robust and controlled domain structure.

Despite significant advances in the growth quality of ferroelectric-perovskite
thin films [3], it is still challenging to master the impact of interfaces on the
ferroelectric response. The reason behind this difficulty is the complex interplay of
electrostatic and elastic conditions in the setting of the domain structure [73} |74]. |
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will discuss two basic approaches, charge screening and epitaxial strain, which
have been used throughout this thesis to engineer the ferroelectric response in
epitaxial thin films. A review on recent work on engineering the ferroic domains
in thin films is published as [75]: N. Strkalj, E. Gradauskaite, J. Nordlander,
and M. Trassin, “Design and Manipulation of Ferroic Domains in Complex Oxide
Heterostructures”, Materials 12, 3108 (2019).

2.3.1 Charge screening

For a film with out-of-plane polarization, the bound charge at the ferroelectric
interfaces generates an electric field. In the absence of screening of the bound
charge, this electric field triggers the suppression of the net polarization, see
an example in Fig. 2.5(a). To achieve a robust out-of-plane polarization, the
depolarizing field needs to be minimized by screening the bound charge at both
interfaces. We define the bottom interface as the interface towards the substrate
and the top interface as the interface towards the surface.

The setting of polarization direction at a metal|ferroelectric interface is under-
stood in terms of the position of the Fermi level of the metallic layer with respect to
the valence and conduction bands in the ferroelectric film [76, 77]. Depending on
the alignment of the energy bands, either electrons or holes are readily available
in the metallic buffer for the screening of the bound charge at the interface of
the ferroelectric film. The efficiency of the screening depends on the polarity of
the charge that is to be screened. At a ferroelectric interface, the difference in
screening efficiency leads to the preferential polarity of the bound charge and thus
the preferential polarization direction.

To screen the bound charge at the bottom interface, one commonly introduces
a metallic buffer electrode between the substrate and the ferroelectric film [29,
78]. In the case of an ideal metallic buffer, the mobile charge in the metal exactly
compensates the bound charge. Complete screening of the bound charge would
require the screening charge to be directly at the interface. In real metals, the
screening charge is distributed over a finite distance from the interface which is
defined as the screening length \ [79,[80], see Fig.[2.5(b). The screening length for
metallic layers is in the range of 0.1 nm [81} 82]. At a metal|ferroelectric interface,
the effect of the screening length is equivalent to the existence of a thin insulating
layer between the ideal metal and the ferroelectric film [83]. The finite screening
length creates a limit on the film thickness for stable out-of-plane polarization.
This threshold value is referred to as critical thickness. The critical thickness to
overcome the depolarizing field depends on the choice of the metal|ferroelectric
pair.

Screening the bound charge at the bottom interface can alternatively be
achieved by atomic-scale interface engineering [74]. The interface in a perovskite
structure terminates in either an AO or BO5y atomic plane which can be inher-
ently charged as a result of a valency mismatch, for example as AO™ and BO;
(Fig. c)). Because the positively charged AO™ plane can screen negative

12



charges, this interface termination promotes a polarization pointing upwards, away
from the interface. The negatively charged BO, plane can screen positive charges
and this interface termination thus promotes a polarization pointing downwards,
towards the interface.

The screening at the top interface can be equivalently achieved by introducing
a metallic top electrode or by a charge-screening environment such as oxygen
gas [32, 33,84, [85] or liquids [34H36] (Fig.[2.5(d)).

I (10707 (1 (1]

Figure 2.5: (a) Schematic of a multi-domain configuration in the absence of charge
screening. (b) Charge screening at the bottom interface through a metallic buffer electrode.
The region of the screening length A is shaded blue. (c) Charge screening at the bottom
interface through atomic-scale interface engineering. AO™ and BO; refer to the charged
atomic planes of the perovskite structure. (d) Charge screening at the top interface through
a charge-rich environment.

Materials

The use of oxide electrodes in ferroelectric-based heterostructures offers several
advantages compared to the use of conventional electrodes, such as the possibility
to grow epitaxial layers on top of the electrode, a lower leakage current and a
longer fatigue endurance [86]. In this thesis, we used two typical oxide electrodes,
SrRuO3 (SRO) and Lag 7Srp.3MnO3 (LSMO). As a bottom metallic buffer, SRO
commonly terminates as SrO which promotes polarization pointing away from the
metal|ferroelectric interface as a result of the above-discussed band alignment [87].
On the contrary, LSMO has charged interface planes and can thus be engineered
to favor either polarization pointing away or towards the metal|ferroelectric interface
which will be further discussed in Chapter 5|

2.3.2 Epitaxial strain

Epitaxy is a type of material deposition in which new crystalline layers are formed
with a well-defined orientation with respect to the crystalline substrate [88]. The
phase of the thin film is set by the atomic arrangement at the surface of the
substrate. Epitaxial thin films sustain stress from the substrate because of the
lattice mismatch between the crystal structure of the film and the substrate.

In epitaxially strained films, the in-plane lattice parameters of the thin film adapt
to the lattice parameters of the substrate. The biaxial in-plane strain can then be
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calculated as

dsubstrate — &film
= (2.5)

dsubstrate

where agypstrate aNd asiim are the in-plane lattice constants of the substrate and
the film, respectively. For this definition of strain, the sign of 7 is positive for
tensile strain and negative for compressive strain, see Fig. Strain evolves with
temperature as a result of different thermal expansion coefficients of the substrate
and the film [89]. Because the elastic energy of maintaining the strain scales
with volume (here thickness) and because the strain is fixed at an interface, strain
relaxation occurs above a certain thickness [90].

(a) P (b) tp

—_ -—

n>0 n<0

Figure 2.6: (a,b) Schematic of (a) tensile (n > 0) and (b) compressive (1 < 0) epitaxial
strain applied to the thin film (red) by the substrate (green and blue). Black arrows indicate
the polarization (P) axes promoted in the ferroelectric thin film by the epitaxial strain.

Furthermore, since the polarization is coupled to the crystal structure, strain
has a large impact on the polarization magnitude [91], domain structure [73}, (92]
and can even induce ferroelectricity in materials that are not normally ferroelec-
tric [93-95]. In general, compressive strain promotes a uniaxial out-of-plane
polarization with a domain structure governed by charge screening at interfaces.
Tensile strain promotes multiaxial in-plane polarization with a domain structure
governed by elastic stress and dipolar interactions within the ferroelectric layer.
A ferroelectric film can also relax the strain imposed by the substrate by form-
ing a multi-domain structure with domain walls at which polarization in the two
neighboring domains is at 90° [96].

Materials

In this thesis, we used three typical oxide substrates: cubic (001)-oriented SrTiOs
(STO), orthorhombic (110)-oriented DyScO3; (DSO) and orthorhombic(110)-
oriented GdScO3 (GSO). The orthorhombic u. ¢c. with lattice constants a, b
and c can be viewed as a pseudocubic u. c. with approximately equal lattice
constants along [110], [110] and [001] of the orthorhombic u. c. In the (110) plane
of the orthorhombic substrate, the lattice constants of the pseudocubic u. c. are
similar to the lattice constants of typical perovskites, which allows for epitaxial
growth.

An overview of the (pseudocubic) lattice constants of the substrates [97-99]
and the resulting in-plane strain imposed on BTO and PTO is given in Table[2.2]
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‘ apc (A) bpc ('&) (apc+bpc)/2 (A) sTO P10

STO 3.905 3.905 3.905 -2.3% 0%
DSO 3.943 3.945 3.944 -1.3% 1%
GSO 3.961 3.965 3.963 -0.8% 1.5%

Table 2.2: An overview of the (pseudocubic) lattice constants at room temperature and
the in-plane strain imposed on BTO and PTO by (001)-oriented STO, (110)-oriented DSO
and (110)-oriented GSO substrate.

2.4 Ferroelectric-based applications

All ferroelectric materials are also pyroelectric and piezoelectric. Many applications
of ferroelectric materials do not directly exploit the polarization, but the pyroelectric
effect, the piezoelectric effect, the high dielectric constant and nonlinear optical ef-
fects in ferroelectric materials. For example, the enhanced piezoelectric response
in ferroelectrics has led to their use as transducing elements in distance sensors,
actuators [100] and energy harvesting [101]. Furthermore, because of their non-
centrosymmetric crystal structure, ferroelectrics are a source of nonlinear optical
effects, such as second-harmonic generation, and also electro-optic effects, which
are relevant for photonic applications [102+105].

More recently, thin ferroelectric films have been integrated with microelectron-
ics [14, 19, 20]. In ferroelectric thin films, it is commonly the polarization itself
which is the functional property of the material. In such applications, repeated
reversal of the polarization direction is required using electric fields. During the ap-
plication of the electric field, the domain configuration changes through nucleation
and expansion of domains with a polarization projection pointing in the direction of
the applied field. The possible polarization states, the switching path and the net
polarization are determined by the domain configuration. Controlling the domain
configuration is thus essential in applications of ferroelectric thin films.

For most such applications, a single-domain configuration with a maximized
net polarization is desired to maximize the prospective ON/OFF ratio of a device
sketched in Fig. Because of the reversible permanent electric polarization,
ferroelectrics can be used in device concepts such as ferroelectric memories [12,
13| [106-114] and field-effect transistors [115] [116]. One can further use the
polarization-induced bound charge at the interfaces of the ferroelectric thin film for
catalysis [117H121] or electrical energy storage in capacitors [122, [123].

However, there are also some applications which benefit from a multi-domain
configuration. Multi-domain configurations are attractive for applications requiring
an existence of several intermediate stable states, such as neuromorphic comput-
ing [124} [125]. Furthermore, there is an emerging interest in so-called complex
arrays of dipole moments [37-45| |126-132] as a promising platform for voltage
amplification via negative capacitance [122,|123,/133-136].
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Figure 2.7: (a-d) Schematic of an example of a ferroelectric-based memory element based
on the principle of quantum tunnelling. (a,b) Polarization direction and the resulting bound
charge in a ferroelectric-based capacitor. (c,d) Electric potential across the capacitor
(black lines) and the tunnelling current (blue arrow) (c) for the ON — low-resistance state
(LRS) and (d) for the OFF — high-resistance state (HRS).



Experimental methods 3

The development in the growth of epitaxial thin films now allows producing high-
quality ferroelectric thin films with precise control of the layer thickness down to
the u. c. level [137]. Oxide thin films presented in this thesis were all grown by
pulsed laser deposition (PLD). During the growth, thickness and quality of the
films were monitored using reflection high-energy electron diffraction (RHEED).
Additionally, a unique in-situ optical second harmonic generation (ISHG) technique
was developed in our lab as a part of this thesis to monitor the emergence
and evolution of ferroelectric properties during the growth. After deposition, |
characterized structural and ferroelectric properties of our films using optical
SHG, scanning probe microscopy (SPM) and x-ray diffraction (XRD). Further post-
deposition characterization was performed by our collaborators, namely scanning
transmission electron microscopy (STEM) by Marta Rossell, Marco Campanini,
and Alexander Vogel at the Electron Microscopy Center at Empa, Switzerland,
terahertz time-domain spectroscopy (THz-TDS) by Shovon Pal at ETH Zurich, and
x-ray photoelectron spectroscopy (XPS) by Antonella Rossi at ETH Zurich. | will
present a brief background of each of these experimental methods with the main
focus on optical SHG.

3.1 Pulsed laser deposition

Pulsed laser deposition is a physical vapor deposition technique in which a high-
power pulsed laser beam is focused inside a vacuum chamber to ablate the
target material from a crystal pellet and create a plasma of the material, which
propagates to a heated crystalline substrate [138| [139], see Fig. [3.1fa). The
targets are bulk crystals or ceramic pellets. The compositional excess in the target
may compensate for the volatility of an element in the desired material such as Pb
or Bi.

PLD is a versatile film-growth technique because of its many control parame-
ters such as choice and the pressure of the background gas, the laser repetition
rate, laser fluence, and temperature of the substrate.

A prerequisite for high-quality deposition is a controlled atmosphere during
the deposition. To achieve this, a high vacuum at a pressure of p < 10~% mbar is
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Figure 3.1: (a) Schematic of a pulsed-laser-deposition chamber. (b) Time dependence of
intensity of a diffraction spot in the RHEED pattern during the growth of a BTO film on
SRO-buffered (110)-oriented GSO substrate. (top) The electron diffraction pattern during
the growth. The dashed white outline denotes the specular reflection at which the intensity
was measured. (bottom)

maintained in the growth chamber before the deposition to prevent the incorpora-
tion of residual gas into the growing film. During the deposition of oxide thin films,
an oxygen gas with a pressure of typically 10~! mbar is introduced to promote the
oxidation of the ablated species and to reduce the formation of oxygen vacancies.

In this thesis, we use laser pulses from a KrF excimer laser with a wavelength
A = 248 nm and a pulse duration of 20 ns to ablate the material from the target.
The PLD laser has a typical repetition rate in the range of 1-10 Hz and the laser
fluence on the target is in the order of 1 Jem~2. The laser frequency and fluence
are the most important parameters determining the growth rate. Depending on
the material, a slower growth rate may be preferred to minimize the formation of
defects, or a faster growth rate may be necessary to minimize the loss of volatile
elements.

To ensure that the atoms and ions of the deposited material have sufficient
mobility to arrange themselves in a crystalline state, the substrate is heated to an
elevated temperature in the range of 500-800° C. After the deposition, the cooling
rate is set to 1-10 Kmin—!,

Reflection high-energy electron diffraction

For this thesis, RHEED was used to monitor the thickness and quality of the
films during the growth. Electron diffraction is performed in grazing incidence
to interact mainly with the few top layers of the growing film [140, 141]. The
diffraction pattern generally provides information about the crystal structure of the
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surface, the crystal orientation, the strain and the surface roughness. However,
acquisition and analysis of the RHEED pattern during PLD is limited by the oxygen
gas pressure causing diffuse scattering of electrons. Therefore RHEED is used
for this thesis mainly to follow the evolution of the surface roughness.

A change in surface roughness induces a change in intensity of the specular
reflection, which can be used for monitoring the growth mode. In the case of a
layer-by-layer growth mode, i. e., when a complete layer forms before the growth
of subsequent layers, the intensity of the specular reflection oscillates in time with
a period typically corresponding to the deposition of one u. c., see Fig.[3.1|b). Full
coverage of a surface corresponds to a maximum in intensity, while half-coverage
corresponds to a minimum in intensity. If the surface roughness increases or the
two-dimensional growth mode changes, the amplitude of oscillations decreases or
eventually vanishes [142].

3.2 Optical second harmonic generation

In this section, we introduce the basics of optical SHG as a probe of ferroelectric
properties in thin films. For a review of recent work about the use of SHG as a
probe of ferroic thin films, see [18]: J. Nordlander, G. De Luca, N. Strkalj, M. Fiebig,
M. Trassin, “Probing Ferroic States in Oxide Thin Films Using Optical Second
Harmonic Generation”, Applied Sciences 8, 570 (2018).

The light-matter interaction in crystals exhibiting ferroelectric order can be
approximated by the leading-order electric-dipole contribution because any further
contributions such as the magnetic-dipole and electric-quadrupole contributions
are commonly negligible [143].

In the leading-order electric-dipole approximation, the light-matter interaction
is described by

P(t) = e xXVE®) + xPE2(t) + .., (3.1)

where P(t) is the induced polarization in the material, ¢ is the vacuum permittivity,
x™ is the n-th order electric susceptibility of the material and E(t) is the time-
varying electric-field of the light [144,|145].

The induced polarization P(t) acts as a source of electromagnetic radiation.
For low electric-field amplitudes of the incoming light field, the outgoing light is
dominated by linear processes. In addition to the linear processes, for intense light
fields such as those provided by a laser light, nonlinear processes start to come
into play. The most important experimental advantage of nonlinear processes in
comparison to linear processes is the avoidance of background radiation; although
the amplitude of the higher harmonic light might be low, the different frequency
of the nonlinear light allows for convenient separation from the incident light by
frequency filters 18] (146, 147].

SHG is the simplest nonlinear process and can be understood as frequency
doubling of a light wave in a material, i. e., conversion of two incident photons with
frequency w into a single outgoing photon with frequency 2w, see Fig.[3.2(a). We
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Figure 3.2: (a) Schematic of the quantum mechanical description of optical SHG. (b)
Schematic of the SHG experimental setup used for this thesis.

can then describe the induced second-order polarization as

& Bj(w) B (w). (3.2)

P (2w) = eox
Here, the x(?) tensor is linked to the symmetry of the crystal by the Neumann
principle [148]: The symmetry elements of any physical property of a crystal must
include the symmetry elements of the point group of the crystal. In the leading-
order electric-dipole approximation, SHG is non-zero in the absence of inversion
symmetry, such as in the case of crystals exhibiting ferroelectric order. SHG is
thus a powerful tool to characterize domain structure and domain configuration in
ferroelectric thin films [30, [149H158].

3.2.1 Experimental setup

The experimental setup used in this thesis is depicted in Fig. [3.2b). Light pulses
from a Ti:Sapphire laser at a wavelength of 800 nm with a pulse duration of 45 fs
and a repetition rate of 1 kHz are used to pump an optical parametric amplifier
(OPA), which enables tuning the wavelength of the incident beam. We avoid
probing resonant electronic excitations by choosing a wavelength corresponding
to a photon energy away from any inherent absorption of the studied ferroelectric
materials. The incident beam was thus set to 1200 nm (1.03 eV). The incident light
polarization is set with a Glan-Taylor prism (GT1) and a half-wave plate (HWP),
which is mounted on a motorized rotation stage. The light is then focused onto the
sample (S) with a lens (L1). A long-pass filter (LPF) is used before the sample
to filter any frequency-doubled induced by optical components. After the sample,
a band-pass filter (BPF) is used to block the incident beam at the fundamental
wavelength and transmit only the SHG light induced by the sample. The light is
collected by a lens (L2). The polarization of the SHG light is analyzed with a GT
prism (GT2), which is mounted on a motorized stage. The SHG wavelength is
selected in the monochromator (MC). The optical pulses are converted into an
electrical current using a photomultiplier tube (PMT). The signal is acquired by
a gated integrator (Gl) and converted into a digital format by an analog-digital
converter (ADC).
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Polarimetry measurement

The laboratory coordinate system is chosen such that x is the axis orthogonal to
the optical table and light propagates along z. Laser-light pulses propagate into
the sample with a linear polarization oriented along the angle « with respect to
x of the laboratory coordinate system. The generated nonlinear signal at twice
the frequency is analyzed in its polarization state using an analyzer oriented at an
angle 3 with respect to x of the laboratory coordinate system. The independent
rotation of polarizer and analyzer at angles a and 3, respectively, is used in
polarimetry measurements to access the frequency-doubled light generated by
different components of the x(2) tensor. One can, thus, map the x(? tensor and
relate it to a particular crystal structure.

Light propagation direction relative to the sample normal

The electromagnetic fields of a light wave oscillate perpendicular to the direction
of wave propagation. We distinguish the measurement geometries by the angle
between the light propagation direction and the sample normal. In SHG experi-
ments, when light propagates along the sample normal (normal incidence), we
access only the inversion-symmetry breaking in the plane perpendicular to the
surface normal of the sample (in-plane). When light propagates at a finite angle
to the sample normal (tilted incidence), we are sensitive to inversion-symmetry
breaking which occurs both in the planes perpendicular and parallel to the surface
normal of the sample (in-plane and out-of-plane). The closer the angle between
the light propagation and the sample normal is to 90° (grazing incidence), the
more sensitive we are to the inversion-symmetry breaking which occurs parallel to
the surface normal of the sample (out-of-plane).

3.2.2 Optical second harmonic generation in thin films

When measuring SHG in thin films, additional aspects need to be taken into
consideration in comparison to SHG in bulk crystals.

Thickness

In the case of ferroelectric films thinner than 10 nm, the amplitude of the SHG
signal is proportional to the thickness of the films [18],[147]. Therefore the SHG
intensity is proportional to the square of the thickness. For films thicker than
10 nm, multiple reflections at interfaces (=100 nm), phase mismatch of the
incident and the generated light (=1 um) and optical absorption (=10 um) need to
be considered. Note that optical absorption and reflectance can be considerable
even for films as thin as 10 nm for metallic layers. Substrates may further absorb
the fundamental and SHG light, or produce SHG themselves. It is, therefore,
necessary to always measure the linear and nonlinear optical properties of the
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substrates independently. Throughout this thesis, films are measured in the
reflection geometry to minimize the influence of the substrates.

Interfaces and surfaces

In thin films, several interfaces are inevitably present, such as the substrate|film
and the film|air interface (surface). Because the inversion symmetry is broken at
interfaces, they produce an electric-dipole type SHG response [159,[160]. SHG
of interfaces can furthermore have a comparable amplitude to the SHG of the
film which can hamper the analysis of the SHG signal. It is therefore essential to
carefully consider the interference of these responses.

(a) (b)
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Figure 3.3: (a) Schematics of thin-film heterostructures with zero net polarization: multi-
domain configuration (left), two layers with opposite out-of-plane polarization (middle)
and two layers with opposite in-plane polarization. Black arrows represent the direction
of polarization. Dielectric layers are denoted in green and metallic layers in grey. (b)
Destructive interference of SHG contributions from domains with oppositely oriented
polarization (¢4, ¢;) because of the phase difference of 180°.

I

Domains

For ferroelectric films with thickness below 1 um, the domain size is usually below
the diffraction-limited SHG resolution of the optical detection scheme (Asua/2),
see Subsection As a result, the SHG response originates from interference
of SHG waves generated in all probed domains and not from individual domains.
In the case of probing domains with antiparallel orientation of polarization of equal
volume proportion, the SHG waves of domains with the opposite polarization
directions destructively interfere which can lead to a cancellation of SHG response,
see Fig.[3.3

The SHG response of ferroelectric films with a multi-domain configuration
might be different from the SHG response of its individual domains In the case of
a heterostructure with several SHG-active layers, the SHG responses of individual
layers interferes.
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3.3 In-situ optical second harmonic generation

The methodical backbone of the investigations presented in this thesis is ISHG.
Optical SHG is a non-invasive technique that can function at a large working
distance. Therefore, it is ideal for probing properties of a material during its growth.
Indeed, ISHG analysis of the surface symmetry has been previously used as a
diagnostic tool for adsorption on semiconductors [161] and the determination of
the critical thickness and interim magnetic phases in ferromagnetic thin films [162].
Here we employ ISHG for the first time to study the emergence and evolution of
ferroelectricity during the growth.

The conceptual precursor measurements for the ISHG implementation were
conducted by Gabriele De Luca and myself [17]. These preliminary results on
using ISHG for probing ferroelectricity were published as [17]: G. De Luca, N.
Strkalj, S. Manz, C. Bouillet, M. Fiebig, and M. Trassin. “Nanoscale design of
polarization in ultrathin ferroelectric heterostructure”, Nat. Commun. 8, 1419
(2017).

As a part of our theses, Johanna Nordlander and myself developed ISHG into
an actual tool for monitoring ferroelectricity during the growth within the framework
of the ERC Advanced Grant “INSEETO”. We jointly performed the methodological
changes to the ISHG setup, which were required to bridge the gap between the
proof-of-principle measurements and the advanced use of ISHG. Our work paved
the way for the commercialization of the ISHG setup as a part of the ERC Proof of
Concept Grant “POLARIS”, which will lead to a device prototype that will eventually
open up ISHG to the use of non-experts in the form of a marketable device.

I will now focus on the crucial insights provided by ISHG that are unique
to this thesis. Because the ferroelectric response of the systems | studied is
already determined during the growth, ISHG is essential for understanding and
engineering ferroelectricity in these systems.

Tracking ferroelectricity during the growth with ISHG is of fundamental interest
because it allows unprecedented access to transient phenomena occurring during
the integration of ferroelectric layers into heterostructures. For example, unex-
pected polarization dynamics is observed during the growth of ferroelectric-based
heterostructures as a result of interface contributions to the polarization response.
ISHG thus not only complements the extensive post-deposition characterization
but also reveals polarization states that would otherwise be entirely overlooked
after the completed deposition. By observing the polarization states during the
growth, we bring understanding to the impact of interface-related electrostatic
effects on ferroelectric response after the growth.

This understanding of the final ferroelectric response, as provided by ISHG,
is indispensable for tuning the functionality of ferroelectric layers. Monitoring
polarization at every step of the heterostructure growth creates the opportunity
to engineer the polarization by changing the growth process at any point. The
change in the growth process of ferroelectric-based heterostructures has a lasting
impact on the ferroelectric response. This new level of control is here used to
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Figure 3.4: (a) Schematic of the ISHG experimental setup. (b) ISHG signal tracking the
BTO thin-film polarization during the growth on an SRO-buffered (001)-oriented STO
substrate. The polarization emerges at a critical thickness t.. (c) SHG intensity as a
function of temperature for BTO thin films on different substrates, normalized to the value
at the end of the growth process. The Curie temperature of bulk BTO is 120°C [67], but
increases above growth temperature with epitaxial strain.

stabilize a robust single-domain configuration in the ultrathin regime required in
typical ferroelectric-based applications. Such control is of immense importance in
the applications of ferroelectric thin films because the as-grown domain structure
determines the possible polarization states and the switching path between them.

3.3.1 Experimental setup

Our growth chamber restricts the measurement mode for ISHG to a configuration
at which light gets reflected under 45° with respect to the sample surface normal
(90° as full reflection angle). The incident light with a pulse energy of typically
30 wdJ is focused onto the sample with a spot size of 250 um in diameter. The
frequency-doubled light is collected with a lens and led to the detection system by
a pair of motorized mirrors. ISHG intensity is typically integrated for 1 s at fixed
settings of the polarizer and the analyzer. Note that in the current measurement
configuration, ISHG is sensitive to the SHG response of the film’s interfaces and
is thus limited in probing multilayers with low SHG yield.

24



3.3.2 Critical thickness of ferroelectric thin films

Using ISHG, the critical thickness of a ferroelectric film can be measured in de-
pendence of the metallic buffer electrode and growth parameters, see Fig. [3.4{(b).

Gabriele De Luca and myself developed a model to account for the thickness-
dependent ISHG evolution in relation to the polarization of the ferroelectric layer.
Below the critical thickness, a thickness-independent surface signal with an SHG
amplitude of Ps(2w) is observed. Past the critical thickness the ISHG intensity
can be expressed as

I(2w,t) o |Ps(2w) + (t — tc) Pre (2w, t)e' |2 (3.3)

with ¢ being the film thickness, ¢. the critical thickness for ferroelectricity, Prg (2w, t)
the SHG amplitude of the thickness-dependent ferroelectric response, and ¢ is
a phase between the surface-induced and ferroelectric-induced SHG contribu-
tions. The thickness-dependence of the electric polarization Prg(2w) can thus be
calculated from the ISHG-intensity evolution.

3.3.3 Curie temperature of ferroelectric thin films

Although the Curie temperatures of bulk ferroelectric materials are commonly
below the growth temperatures, epitaxial strain can substantially enhance the
Curie temperatures, see Fig.[3.4(c). In fact, the Curie temperature can be raised
above the growth temperature for most ferroelectrics with a perovskite struc-
ture [163] such as BTO [17},/30L|{164-167], PTO [84,[87, 155|156, 168], Pb(Zr,Ti)O3
(PZT) [156] and BiFeO3 (BFO) [17].

As a result of the enhancement of the Curie temperature, a spontaneous-
polarization-related ISHG signal can be measured during the growth.

3.4 Scanning probe microscopy

Scanning probe microscopy (SPM) is a technique that uses a physical probe to
study surfaces. An image of the surface is obtained by scanning a probe in close
proximity to the sample and measuring the interaction between the probe and the
sample. The probe is typically a cantilever with a sharp tip. The forces between
the tip and the sample are monitored by tracking the reflex of a laser beam from
the back of the cantilever on a photodiode.

For this thesis, we use two types of scanning probe microscopy: atomic force
microscopy (AFM) and piezoresponse force microscopy (PFM). A schematic of
the SPM setup and some typical AFM and PFM images are shown in Fig.

In AFM, van-der-Waals forces or contact forces between the tip and the
sample are used to measure the sample topography or mechanical properties.
The vertical resolution of the AFM is about 0.1 nm. The lateral resolution of the
AFM is determined by the radius of the tip apex and is usually in the order of
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Figure 3.5: (a) Schematic of the SPM setup. (b) AFM topography image of atomic step
terraces on the surface of a PTO film on LSMO-buffered (001)-oriented STO substrate. (c)
VPFM and (d) LPFM from an area of the film where the as-grown down-polarized (dark)
state has been switched to an up-polarized (bright) state in the outer square and back
to a down-polarized state in the inner square by a DC voltage applied to the PFM tip in
preceding poling scans. Scale bars are 1 um.

30 nm. Polarization reversal can be induced by mechanical pressure applied with
a scanning-probe tip via the flexoelectric effect [169-172].

In PFM, a conductive tip is brought in contact with the sample and an oscillating
voltage (AC) voltage is applied to the tip, while the sample is grounded. For a
piezoelectric sample, the applied voltage induces elastic deformations. The
oscillations induced by the AC voltage can be easily separated from the AFM
signal in the frequency domain. Since all ferroelectric materials are piezoelectric,
it is possible to use PFM to visualize the domain configuration in a ferroelectric
thin film. Signal calibration and careful separation of vertical (VPFM, deflection
and buckling) and lateral (LPFM, torsion) cantilever movements allows mapping of
the surface polarization direction [173,|174]. Deflection in the VPFM corresponds
to an out-of-plane polarization. Buckling in the VPFM and torsion in the LPFM
correspond to an in-plane polarization.

Additionally, a constant voltage (DC) voltage can be applied at the tip to locally
manipulates the polarization with an electric field. For a stationary tip, the net
electric field is along the sample normal. An electric field is also applied radially to
the tip apex in the sample plane. As a result of the tip movement, this in-plane
electric field can result in a net trailing field along the slow scanning axis, see
details in [175-180] and in Chapter[7|

3.5 X-ray diffraction

X-ray diffraction (XRD) is a standard technique to characterize crystal structures.
An x-ray beam enters the sample at an angle w. Constructive interference of the
diffracted x-rays occurs under Bragg condition

2dpp sin ) = n, (3.4)
where dyy; is the distance between the crystallographic planes of the crystal with

Miller indices hkl, § = w is the diffraction angle, n is an integer number and A is
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the x-ray wavelength [181]. We use a Cu K-a x-ray source with a wavelength of
1.54A. Distances in reciprocal space 8Q can be related to distances in real space
d as 6Q = 2m/d. The accessible reciprocal space is shown in Fig. [3.6[a).

(a) (b)

STO 002

BTO 002
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Figure 3.6: (a) Reciprocal space accessible by the diffractometer. The outer semi-circle
(black line) is set by the x-ray wavelength, and the inner semi-circles (grey) are set by
the measurement geometry. A scan along Q| = 0 is termed a 6,/20 scan. A scan of the
sample tilt is termed o scan. A combination of these two scans generates a RSM. (b)
X-ray intensity in a 6/26 scan around the 002 reflection of BTO. (c,d) RSM mapping of 103
reflections of BTO and STO. (c) The 103 Bragg peaks of a BTO film of 30 u. c. thickness
and the STO substrate are measured at the same Q)| = 0 value (coherently strained).
(d) The 103 Bragg peaks of a BTO film of 90 u. c. thickness and the STO substrate are
measured at different )| = 0 values (strain relaxation).

Note that XRD can also be combined with the thin-film synthesis, but it requires
high x-ray flux of synchrotron facilities and halting the growth process [32, 133, |84/,
85|, 163165, [168],

The thickness of the thin films can be quantified using x-ray reflectivity. Under
grazing incidence, the x-rays are reflected from all interfaces in the thin film
heterostructure (air/film, film/substrate) and interfere with each other resulting in
Kiessig fringes in the intensity of the reflected beam as a function of the angle of
incidence. The thickness of the layer is related to the periodicity of these fringes.
Out-of-plane lattice constants can be measured in the 6/26 scan, see Fig. [3.6(b).
The crystallinity of the sample is accessed in the o scan.

Plenty of additional information can be obtained from the reciprocal-space
maps (RSMs). RSMs are generated using a combination of two scans, often the
0/26 and the o scan. First, out-of-plane and in-plane lattice constants can be
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measured which can be related to the polarization [23, (182, [183]. This information
can be further used to determine the strain state of the film by comparing the in-
plane lattice constant of the substrate and the film, see Fig.[3.6]c,d). Second, the
presence of different crystal phases and ferroelectric domain variants [184-188]
can be detected. Finally, RSMs can resolve nanoscale ordering of domain walls
which results in in-plane diffuse scattering around Bragg peaks [189].

3.6 Scanning transmission electron microscopy

In STEM, a tightly focused electron beam is scanned across a thin specimen, and
the transmitted and scattered electrons from a localized volume of the material
are detected as a function of the spatial position of the electron beam. The thin
specimen required for STEM is prepared to access the desired crystallographic
orientation.

Transmitted electrons at low angles are collected in the bright field (BF) de-
tector, coherently Bragg scattered electrons at intermediate angles in the annular
dark-field (ADF) detector and incoherently scattered electrons at high angles in
the high-angle annular dark-field (HAADF) detector, see Fig. [3.7(a). Since the
incoherent scattering detected in the HAADF detector electrons is almost exclu-
sively a result of Rutherford scattering from the nucleus of atoms, the images
obtained from the HAADF detector are highly sensitive to the atomic number Z.
Elements with a higher atomic number produce more scattering, and thus the
intensity of the atomic species in the HAADF image is approximately proportional
to the square of the atomic number Z2.

The spatial resolution of STEM images depends on the size of the electron
beam, which is strongly limited by the spherical aberration of the objective lens.
With aberration corrections, it is possible to routinely produce images with sub-
A-resolution [190] and to detect ionic displacements as small as 5 pm, which
allows for mapping dipole moments within a u. c., as shown in Fig. [3.7(c,d). A
STEM setup can be further equipped with analytical techniques such as energy
dispersive x-ray (EDX) spectroscopy to enable elemental mapping in samples,
see Fig. [3.7|b).

STEM detection of local dipole displacements has been the complementary
technique to SHG detection of net polarization throughout this thesis. EDX elemen-
tal mapping has been used to determine the termination planes and stoichiometry
changes at film interfaces in Chapter[4 and Chapter 5] respectively.

3.7 Terahertz time-domain spectroscopy

THz-TDS is a spectroscopic technigue in which the material properties are probed
with short pulses of THz radiation. The change of both the amplitude and the
phase of the THz pulse after the sample is measured. Here we employ THZ-TDS
to non-invasively evaluate the optical conductivity of thin metallic layers [191H193].
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Figure 3.7: (a) Schematic of STEM. An electron beam (e-beam) is scanned across a thin
specimen. The transmitted and scattered electrons are detected by the BF, ADF or HAADF
detectors. The e-beam ionizes the atoms in the specimen, which upon returning to the
ground state emit x-rays that are detected in the EDX detector. (b) A high-magnification
HAADF image of a SRO|BTO|SRO capacitor on a (001)-oriented STO substrate. The
inset shows elemental mapping obtained by EDX at the BTO|SRO interface within the
white outline. (c) Schematic of the ionic displacements used for mapping the dipole
moments in the HAADF-STEM images. (d) A single-domain (left) and a multi-domain
(right) configuration in the SRO|BTO|SRO capacitor on a (001)-oriented STO substrate.
Scale baris 1 nm.

We measure the time traces of the THz pulses from a reference (mirror)
Ecference(t) and the sample Egampie(t), see Fig. a). These signals are
then Fourier-transformed to obtain the complex spectra in the frequency domain
Ereference(W) and Esample(w). The amplitude of the complex spectra is referred
to as the spectral amplitude, see Fig. [3:8(b). The reflectance is obtained by
normalization as R(w) = Esample(w) / Ereference(w>.

The complex conductivity &(w) can be calculated from the reflectance, which
in the limit of thin film approximation gives
1 (1 + Ngsubstrate (W)

&(w) = Zod 1_ R(w) -1~ nsubstrate(w)> ) (3.5)
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Figure 3.8: (a) The time transients from the reference and the 1-u.-c.-thick SRO layer
on a SRO|BTO heterostructure on an (001)-oriented STO substrate. Inset shows the
45°-reflection geometry. (b) The spectral amplitude of the electric fields obtained by the
Fourier transforms of the pulses in (a). (c) The weighted average of the real part of the
complex optical conductivity of the SRO layer with different thickness.

where Z; is the impedance of vacuum, d is the thickness of the metallic layer
and ngupstrate(w) IS the refractive index of the substrate (Fig. c)). The real
part of the complex optical conductivity is related to the DC conductivity in the
low-frequency limit (w — 0) [194]. The real part of the optical conductivity is
responsible for the charge screening and depolarizing effects that are elaborated
on in Chapter[2

3.8 X-ray photoelectron spectroscopy

XPS is a spectroscopic technique based on the photoelectric effect that is used
to identify elements within 5 nm of the sample surface [195]. The elements are
identified by the binding energy of electrons Ey. X-rays with frequency v impinge
on the sample, and the kinetic energy of the emitted electrons Ex is measured, see
Fig.[3.9(a,b). The binding energy is then derived from the energy conservation of
the XPS measurements according to

hy = Ex + Ep, (3.6)

where h is the Planck constant. Moreover, within the probing depth, it is possible
to estimate the profile of the composition by performing angle-resolved XPS
measurements . For higher emission angles ¢ (Fig.[3.9(c)), only the electrons from
the surface are emitted, while for the lower emission angles, also the electrons
from layers below the surface can be detected. XPS is used for determining the

30



surface defects in thin films [36]. We employ XPS to evaluate the growth-induced
non-stoichiometry discussed in Chapter [5]
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Figure 3.9: (a) Sketch of the quantum mechanical process underlying XPS. (b) A typical
XPS spectrum of a PTO thin film on LSMO-buffered (001)-oriented STO substrate. Peaks
positions are labelled with the element from which the photoelectron originated and the
electron configuration. (¢) Schematic of angle-resolved XPS with 6 denoting the emission

angle.
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Transient electrostatics in 4
ferroelectric-based capacitors

In this chapter, we discuss the transient electrostatics during the design of
a ferroelectric heterostructure on the example of a metall|ferroelectric/metal
SROI|BTO|SRO capacitor. In this model system, we resolve a long-standing
puzzle of net polarization suppression in the ferroelectric-based capacitor. In
a ferroelectric layer beyond its critical thickness, the polarization is commonly
stable without the presence of a top electrode but entirely suppressed once the
top electrode is introduced. This suppression of polarization in a capacitor is
puzzling because the presence of electrodes should provide charge screening
at ferroelectric interfaces and thus stabilize, rather than destabilize polarization.
Using ISHG, we monitor the evolution of ferroelectricity during the growth of the
top SRO layer and find a transient enhancement of the depolarizing field with
lasting detrimental effects on the polarization. Exploiting the ISHG response,
we are able to correlate the transient enhancement of the depolarizing field to
the bad metallic properties of the top electrode when the electrode thickness is
below 2 u. c. Beyond advancing the understanding of polarization evolution in
heterostructures, the access to the origin of the polarization loss allows us to
design a route to stabilize in-situ a net polarization in a thin ferroelectric layer
integrated into a capacitor. By thermally annealing the capacitor after a sufficiently
thick electrode is deposited, we stabilize an as-grown single-domain configuration
of the ferroelectric layer. Hence, with this work we reveal the consequence of
the evolution of the electrostatic environment on polarization during the growth.
Though the electrostatic environment is only transiently unfavorable, the resulting
transient enhancement of the depolarizing field has lasting consequences on the
ferroelectric response.
The results summarized in this chapter are published as [30]:

N. Strkalj, G. De Luca, M. Campanini, S. Pal, J. Schaab, C. Gattinoni, N. A.
Spaldin, M. D. Rossell, M. Fiebig, and M. Trassin. “Depolarizing-Field Effects in
Epitaxial Capacitor Heterostructures”, Phys. Rev. Lett. 123, 147601 (2019). The
manuscript can be found in its entirety in Appendix [Al
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4.1 Polarization suppression in ferroelectric-based
capacitors

The depolarizing field is long recognized as a notorious and fundamental challenge
to the stability of out-of-plane polarization in thin films, even in ferroelectric films
with metallic layers at both interfaces for thickness well above the critical thickness
of the ferroelectric film [21-24]. It is however difficult to understand the impact
of the depolarizing field in ferroelectric capacitors post-deposition because the
polarization suppression occurs already during the growth [30] 71}, [168] and
because the ferroelectric layer is inaccessible for PFM once capped with the top
electrode.

We investigate the domain configuration in a ferroelectric-based
SRO|BTOI|SRO capacitor for a BTO thickness above the critical thickness
for ferroelectricity before and after the deposition of the top SRO layer. An
uncapped BTO film of 30 u. ¢. thickness has a single-domain upwards polarization,
see Fig.[4.1[a,b). To access the domain configuration once the ferroelectric layer is
integrated into a capacitor, we remove the top electrode by nanomachining with a
diamond-coated PFM tip without affecting the BTO polarization (Fig. [4.1]c,d)) [170,
196, (197]. In the exposed BTO area, we find a multi-domain configuration of
out-of-plane-polarized domains [57], see Fig.[4.1[e). We therefore attribute the
polarization suppression of a ferroelectric-based capacitor to domain formation.
Counterintuitively, a ferroelectric film without a top metallic layer can sustain a net
polarization, but a ferroelectric film screened at both interfaces by metallic layers
forms domains.

(a) (b)

as-grown

Figure 4.1: (a) Schematic of a single-domain configuration in a SRO|BTO heterostructure.
The metallic electrode at the bottom interface is depicted in grey and the charge-screening
environment at the top interface in blue. (b) PFM out-of-plane data of the as-grown domain
configuration (top) and after repeated poling (bottom). (¢) Schematic of a multi-domain
configuration in an SRO|BTO|SRO capacitor. (d) Topography and corresponding out-of-
plane PFM and conductive atomic force microscopy (cCAFM) data after nanomachining
away the SRO top electrode to expose the BTO. The removal is visible as a step in
the topography image (c), as an enhancement of PFM signal (d), and as suppressed
conduction (e) in the exposed BTO area. (e) Resonant PFM out-of-plane data of the
as-grown domain configuration.
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Figure 4.2: (a) ISHG signal tracking the BTO thin film polarization during the growth
of top SRO layer. The inset shows the SHG anisotropy obtained after the growth by
simultaneously varying the light polarization angle of the incident fundamental (1200 nm)
and the detected SHG (600 nm) light. (b) Schematic of charge screening at interfaces
of the ferroelectric layer in a BTO|SRO|BTO capacitor at the SRO thickness marked in
(a). (1) Charge screening through oxygen gas in the growth chamber. (2) Absence of
charge screening from an insulating SRO layer of 1 u. c. thickness. @ Absence of charge
screening from an insulating SRO layer of 2 u. c. thickness. (4) Charge screening through
a metallic SRO layer of 10 u. c. thickness.

4.2 Transient enhancement of depolarizing field

We move on to identifying the cause of the striking domain formation and suppres-
sion of net polarization by ISHG. By monitoring the onset of ISHG intensity during
the growth of the BTO, we find a critical thickness of 5 u. c. on the SRO buffer
of 10 u. c. thickness, see b). This critical thickness is in agreement with the
theoretical calculations, which predict a critical thickness of 6 u. c. [72,{198]. The
polarization is found to saturate for BTO films beyond 20 u. c. thickness.

It is insightful to observe the polarization evolution during the deposition of the
top electrode using ISHG, see Fig.[4.2(a). With the start of the SRO deposition,
the ISHG intensity abruptly decreases because of the nucleation of domains
with downwards polarization in the as-grown domain configuration with upwards
polarization (Fig. b)@). After the deposition of a single u. c. of the SRO layer,
the ISHG intensity is reduced to half (Fig. b)@). After the deposition of 2 u. c.
of the SRO layer, the ISHG intensity is entirely suppressed (Fig. b)@). By
continuing the deposition of the SRO layer of 10 u. c¢. thickness, matching the
thickness of the bottom SRO layer, no further change of the ISHG intensity is
observed (Fig. b)@). No ISHG recovery is detected either during the cooling.
We thus conclude that the domain formation occurs during the deposition of the first
two u. c. of the SRO top electrode. Note that we excluded other possible causes of
the ISHG reduction such as optical absorption, optical damaging, interface defects
and strain relaxation.

By a combination of THz-TDS and ab initio calculations, we find that the
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origin of the domain formation is the thickness-dependent conductivity of the top
electrode, here SRO [199-201]. A SRO layer with a thickness below 2 u. c. has
a reduced conductivity, and does not provide the required charge screening to
the ferroelectric layer for stabilizing a net polarization in contrast to the growth
atmosphere which includes oxygen gas and ionic plasma species in the chamber.
In this SRO thickness regime, the depolarizing field is thus transiently enhanced.
At the thickness at which SRO becomes sufficiently metallic, the domain formation
is already completed. No further evolution of the domain configuration is observed.

4.3 Discussion and outlook

Using ISHG, we directly access the impact of a dynamic charge-screening envi-
ronment on polarization during the growth of a ferroelectric-based capacitor. Our
observations explain the polarization suppression in the ultrathin regime of such
heterostructures and pave a path to resurrecting a net polarization.

The polarization suppression observed in our ferroelectric-based capacitor is
found to be linked to the reduced charge screening capacity of the SRO electrode
in its low-thickness regime. The reduced conductivity in the low-thickness regime
is not specific to SRO [199H201], but a property of most typical metal oxides,
such as La;_,Sr,MnOj [202, 203], RuOs [204], and LaNiOs [205, [206]. In the
common case of the presence of ferroelectricity during growth, the existence of
an insulating state of the oxide electrode when its thickness is still low prevents
charge screening at the top ferroelectric interface and causes domain formation in
the ferroelectric layer [70, [207].

Now that we have established that domain formation in ferroelectric capacitors
occurs as a result of the thickness-dependent conductivity of the top electrode, let
us envision ways to resurrect the coveted single-domain configuration.

Thermal annealing
We tune the Curie temperature to an experimentally accessible value by
choosing (110)-oriented GSO as the substrate, see Fig.[3.4{(c). We complete
the capacitor growth as described above. We evidence a multi-domain
configuration in the ferroelectric layer by the absence of ISHG response,
see Fig. [4.3(a,c). We then increase the temperature to above the Curie
temperature, see Fig. [4.3(b). Finally, we cool the capacitor and observe
a strong SHG response at room temperature, see Fig.[4.3(c,e). Because
now the ferroelectricity emerges in the charge-screening environment of
sufficiently thick electrodes (both 10 u. c.), it assumes a single-domain
configuration.

Electric-field poling
Alternatively, one can apply an electric field to pole the as-grown multi-
domain configuration into a single-domain configuration, see Fig. 4.3}f,g)
However, the as-grown multi-domain configuration leads to domain walls
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that attract defects during the cooling. It is thus more favorable to avoid
domain formation in the first place.

The access to the polarization evolution during the integration of a ferroelectric
layer into a prototypical device architecture presents a step forward towards
controlled domain structures in ferroelectric-based heterostructures which is the
key requirement for any ferroelectric application. In Chapter 5] we will use ISHG
to unravel the polarization dynamics occurring during the growth process of the
ferroelectric layer.
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Figure 4.3: (a—c) Sketch of the thermal annealing process, T is the temperature of the
heterostructure and T is the critical temperature. (d,e) ISHG anisotropy measurements
at two stages of the annealing process. (d) After the SRO capping, the SHG yield is zero
because of destructive multi-domain SHG interference. (f) Thermal annealing recovers the
SHG signal and, hence, a single-domain configuration is stabilized at room temperature.
(f—g) Sketch of the electric-field poling. (f) A voltage is applied to the ferroelectric layer
with a multi-domain configuration. (g) After the poling, multi-domain configuration remains
partially pinned by defects. Yellow dots indicate defects accumulating at domain walls.
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Polarization dynamics in
ultrathin ferroelectrics

In the previous chapter, we saw how using ISHG can unravel the transient en-
hancement of the depolarizing field with lasting detrimental effects on the net
polarization during the growth of the top electrode of a ferroelectric-based capac-
itor. In this chapter, we explore the dynamics of polarization during the growth
process of the ferroelectric layer itself. ISHG allows us to observe the polarization
evolution under the influence of only the bottom interface during growth, and
under the influence of both interfaces at halted growth. To explain the polarization
evolution at a growth interruption, we consider the influence of each interface on
the polarization direction. We develop the concept of interface configurations in
which we refer to the interfaces as “competitive” when each interface promotes
an opposite polarization direction, and as “cooperative” when both interfaces pro-
mote the same polarization direction. We investigate the consequences of these
interface configurations on the ferroelectric response. We find that competitive
interfaces lead to polarization suppression, short retention time of a polarization
switch and high susceptibility to a depolarizing field and, thus, multi-domain forma-
tion. In contrast, cooperative interfaces lead to polarization enhancement, long
retention time of a polarization switch and robustness against the depolarizing
field in favour of retaining a single-domain configuration. Such as single-domain
configuration is stable in an unfavorable electrostatic environment. This concept of
varying interface configurations is envisioned as a powerful route for engineering
the polarization in thin-film ferroelectrics towards energy-efficient electronics.
The results presented in this chapter are published as [155]:

N. Strkalj, C. Gattinoni, A. Vogel, M. Campanini, R. Haerdi, A. Rossi, M. D. Rossell,
M., N. A. Spaldin, M. Fiebig, and M. Trassin. “In-situ Monitoring of Interface
Proximity Effects on Polarization in Ultrathin Ferroelectrics”, Nat. Commun. 11,
5815 (2020). The manuscript can be found in its entirety in Appendix
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Figure 5.1: (a) An overview of extrinsic and intrinsic timescales involved in the ISHG
probing of ferroelectric thin films. (c) Schematic of the ISHG signal tracking polarization
evolution. Insets show schematics of ongoing and halted deposition. During the growth,
only the influence of the bottom interface is observed (purple line). Once the growth is
interrupted, the joint influence of the bottom and the top interface is observed (black line).
(b) Schematic of the concept of competitive (left) and cooperative (right) interfaces.

5.1 Separation of the impact of an individual interface
on the polarization state

In ferroelectric thin films, interfaces play a decisive role in determining the final
polarization state. For films with out-of-plane polarization, charge screening at
interfaces is dominant in setting the polarization direction. So far, either the charge
screening at the bottom interface [29, 30, 74| or at the top interface [32-36] was
engineered to set the polarization direction. Simultaneously engineering both
interfaces is hampered by the lack of experimental access to the contributions of
both interfaces individually. ISHG offers us a unique opportunity to separate the
impact of an individual interface by monitoring the polarization dynamics during
ongoing and halted growth.

To understand the ISHG monitoring of polarization dynamics in the PLD
process, it is important to have an overview of the involved timescales, see

Fig.[5.1}a).

Extrinsic timescales
For the thin-film synthesis by PLD, we use an excimer laser with a pulse
duration of 20 ns, and the pulses are sent every 0.1-1 s. Probing of the
thin-film properties during the synthesis is conducted by RHEED and ISHG.
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RHEED has an acquisition time of 10-100 ms. For the ISHG measurement,
the laser probe has a pulse duration of 45 fs, and pulses are sent once per
millisecond and are integrated to one ISHG data point per second. The
deposition of a single u. c. lasts about 10 s in all PLD processes conducted
throughout this thesis.

Intrinsic timescales
Under the typical oxygen gas pressure of 0.1 mbar, the plasma created in
the PLD process has a lifetime of 5-10 s [208], and it takes 30 us to cover
the surface with a monolayer of adsorbates. The surface reconstruction
lasts about 0.1-0.5 s [141] [209]. The polarization reconstruction due to
defect migration lasts 100—1000 s [28].

Because the timescale of the polarization reconstruction due to defect mi-
gration is much longer (>100 s) than the pulse period of the thin-film synthesis
(0.1-1 s), the polarization cannot accommodate to the influence of the top interface
during the growth, but only when the growth process is halted. By monitoring po-
larization during ongoing and halted deposition, we can separate the contribution
of the individual interfaces in setting the polarization state, see Fig.[5.1|b).

During the growth, we observe the transient polarization governed by only the
bottom interface. Once the growth is halted, the polarization reconstructs under
the complementary influence of the top interface. The joint effect of both interfaces
sets the final ferroelectric response.

We propose a concept of competitive and cooperative configurations of inter-
faces in which the bottom- and the top-interface contributions favor opposite or
equal polarization directions, Fig.[5.7|c). From the change in the ISHG signal when
the growth is halted, we can determine the respective interface configuration. At a
growth interruption, a reduction of ISHG intensity occurs for the configuration of
competitive interfaces and an enhancement of ISHG intensity for the configuration
of cooperative interfaces.

5.2 Consequences of competitive and cooperative
configurations of interfaces

Here we scrutinize the competitive and cooperative interface configurations in
PTO films on (001)-oriented STO. To achieve the two interface configurations, we
engineer the charge screening at the bottom interface to favor either upwards or
downwards polarization. In contrast, the charge screening at the top interface is
found to always favor downwards polarization.

Bottom interface
We employ atomic-scale interface engineering to set the polarization direc-
tion at the bottom interface. We use LSMO as the bottom electrode which
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Figure 5.2: (a) ISHG signal tracking the PTO thin film polarization during ongoing (filled
red symbols, 0-8 u. c.) and halted (filled black symbols) growth. The time axis for this
growth protocol reveals relaxation of the polarization on the order of 102 s. The inset
shows the chemistries of interfacial planes at the PTO|LSMO interface and the polarization
direction set by the bottom interface. (b) PFM out-of-plane data immediately after the
poling (£4 V) and 48 h later for the competitive interface configurations. PTO film is 20
u. c. thick and scale bar is 1 um. (c) ISHG signal during ongoing (filled blue symbols,
0-16 u. c.) and halted (filled black symbols) growth. The inset shows the chemistries
of interfacial planes at the PTO|LSMO interface and the polarization direction set by the
bottom interface. (d) PFM out-of-plane data immediately after the poling (+4 V) and 48 h
later for the cooperative interface configurations. PTO film is 20 u. c. thick and scale bar is
1 um.

has either a negative MnO2_0'7 or a positive Lag 7Srg 30797 interface termi-
nation. Since the interface termination carries charge, it sets the polarization
direction at the bottom interface of the ferroelectric layer to downwards
and upwards for the negatively and positively charged interface termination,
respectively.

Top interface

Charged defects set the polarization direction at the top interface of the
PTO. In specific, we evidence post-deposition excess Pb in the form of Pb
adatoms at the top interface by angle-resolved XPS and EDX analysis. We
model the effect of the Pb excess by ab initio calculations [87]. We find
that the Pb adatoms result in a positively charged top interface upon their
adsorption and thus favor downwards-pointing polarization, independent of
the influence of the bottom interface.

In our ISHG experiment, we monitor the polarization emergence and evolution
during the growth of the PTO films. During halted growth, polarization suppression
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is observed for competitive interfaces (Fig.[5.2(a)) and polarization enhancement
is observed for cooperative interfaces (Fig.[5.2{(c)). We highlight the far-reaching
consequences of the interface configuration on the robustness of polarization.

We first scrutinize the dipole moments in the ferroelectric layer using STEM
post-deposition. For competitive interfaces, STEM evidences a suppression of
dipole moments throughout the thickness and a reversal of the direction of dipole
moments at the topmost u. ¢. For cooperative interfaces, a pervasive bulk-like
displacement is observed.

We then compare the poling behavior of the PTO layer obtained with the
competitive interfaces to the poling behavior of the PTO layer obtained with
cooperative interfaces (Fig. [6.3(b,d)). Though the polarization can be locally
reversed by an electric field generated by a PFM tip in both interface configuration,
the reversal of polarization in the poled area has a longer retention time in the PTO
layer with cooperative interfaces than in the PTO layer with cooperative interface.

We finally test the polarization response to a change in the electrostatic
environment. We cap the PTO layers with dielectric STO and metallic LSMO,
and observe the polarization response using SHG. For both STO and LSMO
capping, the PTO layer with the configuration of competitive interfaces suppresses
its net polarization through nanoscale domain formation [29, [210-213]. In stark
contrast, the PTO layer with the configuration of cooperative interfaces remains in
a single-domain configuration, even in the unfavorable electrostatic environment
of a capping with a high dielectric permittivity.

5.3 Discussion and outlook

We show how the combined influence of both interfaces in a ferroelectric film
determines its ferroelectric response. ISHG enables unprecedented access to
contributions of individual interfaces in setting the polarization state that can
otherwise not be disentangled post-deposition. With the insight to polarization
dynamics using ISHG, we explain the joint effect of interfaces within the concept
of competitive and cooperative interface configurations. The understanding of the
contributions of both interfaces in setting the final polarization state is shown to
be vital for stabilizing a robust polarization, even in an unfavorable electrostatic
environment.

We further expect our findings on polarization dynamics to be relevant for
all ferroelectric-based heterostructures in which interfacial chemistry and charge
imbalance play an important role [214} |215]. Though in our case, the influence of
the the top interface was determined by the specific growth process of an A-site
volatile ferroelectric, our observations are valid (i) under different conditions at
the top interface and (ii) in other ferroelectric materials. (i) For example, in our
current heterostructures, the use of a Pb-excess target, fast deposition rate and
fast cooling rate results in the Pb excess accumulating at the top interfaces which
favors downwards polarization. Changing the target composition or prolonging the
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Figure 5.3: Schematic of changing the influence of the top interface by thermal annealing.
Annealing converts the structure with A-site excess at the top interface (left) to a structure
with A-site deficiency at the top interface (right).

exposure of the heterostructure to elevated temperatures would favor Pb volatility
and Pb deficiency [27]. In this scenario, we can imagine that Pb vacancies
would form at the top interface which would favor an upwards polarization, see
Fig. (i) In analogy to the role of defects in A-site volatile ferroelectrics, other
mechanisms could drive the polarization direction at interfaces of other materials
such as surface adsorbates or free charge in neigboring layers.

The use of the non-invasive SHG tool to monitor the polarization during the
growth is invaluable in engineering polarization in the simple domain structures
studied in Chapter[4and Chapter[5] In Chapter [6] we will explore the potential of
the SHG tool in identifying more complex ordering of dipole moments in multilayers.
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Non-invasive probing of

phase coexistence in
ferroelectric|dielectric 6
heterostructures

In ferroelectric|dielectric PTO|STO heterostructures, energy contributions of strain
and electrostatics are in a delicate equilibrium, which leads to the stabilization of
phases that are known is literature as complex phases [37),[38, 4045 [126-128].
Complex phases host non-collinear dipole moments that form nanoscale arrays
which are thus between domains and domain walls. One example of a complex
phase is the so-called vortex phase. In the vortex phase, non-collinear dipole
moments arrange into a circle and this array is repeated along the orthogonal
direction to the plane of the circle. Identifying the presence of complex phases is
however challenging because of the ordering of dipole moments along multiple
axes. Emergence of phase coexistence can further hamper the investigation. In
this chapter, we will shed light on the ordering of dipole moments in PTO|STO
heterostructures using SHG. We stabilize the phase coexistence of the ordered
multi-domain phase with in-plane polarization and the so-called vortex phase. By
measuring and modelling the SHG polarimetry, we detect the presence of phase
coexistence both in a PTO|STO superlattice, as well as in a PTO|STO bilayer.
We furthermore observe an extended phase- and inverted domain-coupling effect
in PTO|STO multilayers leading to an antiparallel alignment of local polarization
in neighboring ferroelectric layers. We show that SHG modelling of polarimetry
is a promising tool for the identification of new complex phases and their host
systems. In a more general context, our results pave the way towards using SHG
for monitoring evolution of arrays of dipole moments during the use of ferroelectric-
based heterostructures in applications.
The work presented in this chapter is found in the attached manuscript:

N. Strkalj, A. Bortis, M. Campanini, M. D. Rossell, M. Fiebig, and M. Trassin.
“Optical second harmonic signature of phase coexistence in ferroelectric|dielectric
heterostructures”, in preparation (2021). The manuscript can be found in its
entirety in Appendix[C|
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6.1 Ordering of dipole moments in a
ferroelectric|dielectric superlattice

(b)

< A R
L>[010]

Figure 6.1: (a) LPFM image of the phase coexistence of the a;/a> phase and the vortex
phase in a PTO|STO superlattice. Scale bar is 1 um. (b) Post-deposition STEM map of
the dipole moments in the vortex phase in a PTO|STO superlattice. Yellow arrows show
the direction and magnitude of the dipole moments. Scale bar is 1 nm.

[001]

We deposit a PTO;2|STO; 2 superlattice on SRO-buffered (110)-oriented DSO
substrates [216, [217]. Ferroelectric layers of our superlattice host the phase
coexistence of (i) the so-called ai/as phase and (ii) the so-called vortex phase [38-
40, 42, |44]. All directions henceforth refer to the pseudocubic axes of the DSO
substrate The phases are separated in stripes with a width of about 200 nm along
the [010] direction, and a length of about 2 um along the [100] direction, see
Fig.[6-1fa).

(i) In the a;/a» phase, domains arrange in stripes alternating between a; -
domains and a;-domains, as introduced in Subsection 2.7.2l Domain walls in
the aj/a, domain structure lie along [110] and [110] directions. Individual a-
domains have a width of about 10 nm. (ii) In the vortex phase, dipole moments are
perpendicular to the radial vector from the vortex core and continuously change
direction around the vortex core [218], see Fig.[6.1[b). Arrays of dipole moments
are further observed to form pairs of vortices and anti-vortices with clockwise and
anticlockwise rotation of the dipole moments around the vortex core, respectively.
The central axis of the vortices and antivortices is parallel to [010] direction. The
vortex phase possesses an additional polarization along the central axis which is
set by the net polarization of the neighboring a-domains, see Fig.[6.2] Each vortex
has a lateral extension of about 5 nm.
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Figure 6.2: A schematic of the phase coexistence of the a;/a> phase and the vortex
phase (V) in our PTO|STO heterostructures. An enlarged schematic of the area within
the dashed rectangle is given on the right. Filled black arrows represent the polarization
direction in the a;/a, phase and the blue and red spirals represent the direction of dipole
moments in the vortex phase. Empty black arrows indicate the direction of net polarization.

6.2 Optical response of phase coexistence

Detecting the emergence of phase coexistence in PTO;2|STO;2 heterostruc-
tures requires extensive characterization because the ordering of dipole moments
occurs along multiple axes and at multiple length scales. Let us discuss the
advantages and drawbacks of detecting phase coexistence in PTO15|STO;5 het-
erostructures with the techniques that are employed so far.

STEM is the only characterization tool that allows local mapping of dipole mo-
ments [37, 138} |40H45| [126-128]. However, the use of STEM is arduous and
destructive to the sample. It is therefore unsuited for routine sample checks
and operando studies.

XRD can detect nanoscale periodicity of orientations of dipole moments [183,
210212, 219222, but cannot access their local order arrangement. Using
XRD to detect complex phases further requires the use of synchrotron
facilities or the superlattice architecture.

PFM can detect microscale separation of phases, but not the sub-resolution
ordering of individual a-domains or vortices. The PFM technique is also
limited in probing polarization in ultrathin layers of thickness below 10 nm
because of the leakage current. Detecting polarization in such ultrathin
layers therefore also requires the use of the superlattice architecture.

We explore the use of the table-top non-invasive SHG to characterize phase
coexistence in our PTO|STO superlattice. We measure the SHG polarimetry in
normal-incidence geometry that is sensitive only to in-plane polarization, see
Section [3.2/and Fig.[6.3(a). We first model the SHG contributions by considering
only the ai/a. phase, i. e. equal x;;x tensor components for local spontaneous
polarization along [100] and [010] directions, see Fig. [6.3|b,c). This model cannot
reproduce the measured response. We therefore consider an additional contribu-
tion of the net axial polarization of the vortex phase with spectrally different X;jk
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Figure 6.3: (a) (a) Schematic of the SHG setup in the employed normal-incidence
geometry. Crystallographic directions refer to the pseudocubic axes of the DyScOj;
substrate. The incoming light propagates along [001] at 1200 nm with a linear polarization
set to the angle a. The generated non-linear signal at 600 nm is analyzed in its polarization
state using an analyzer fixed to the angle 8 = 0°. (b,c) Polar plots of SHG intensity (points)
versus incident-light polarization angle « for a PTO|STO superlattice with (b) 8 = 0°
and (c) = 90°. Grey and black lines are theoretical fits of the one-phase model and
the two-phase model, see details in Appendix[C| Schematic of the multilayer is given in
the inset top right. Grey denotes PTO, black denotes STO, and hatching denotes the
SrRuOs-buffered DyScO; substrate. The intensity scale is equal in (b) and (c).

tensor components. We find that modelling the SHG polarimetry is only possible
if both the SHG contribution of the a;/a; phase and the SHG contribution of the
vortex phase are taken into consideration, see details in Appendix[C|

6.3 Discussion and outlook

We detect the phase coexistence of the aj/a> phase and the vortex phase in
PTO12|STO;2 presence on SRO-buffered DSO substrate using SHG. We then
compare the SHG response of a series of PTO|STO heterostructures that consist
of a different number of repetitons of the PTO and the STO layers. All heterostruc-
tures are deposited on SRO-buffered DSO substrate, and the thickness of an
individual PTO or STO layer is 12 u. c.

The SHG response of a PTO|STO bilayer is equivalent to the SHG response of
the PTO|STO superlattice in terms of the relations of the tensor components. Our
optical approach can thus detect the phase coexistence even in heterostructures
with a single ferroelectric layer of 12 u. c. thickness, unlike the XRD and PFM.

Surprisingly, the overall SHG yield of a PTO|STO bilayer is even stronger than
the SHG yield of a superlattice, while the SHG yield of a sample with two PTO
layers (PTO|STO|PTO trilayer) completely vanishes. This points to destructive
interference of the SHG waves from individual layers in PTO|STO multilayers. We
conclude that the destructive interference of SHG waves is linked to interlayer
coupling. Specifically, the phases extend and the domain walls align vertically

48



throughout the heterostructure. However, the direction of local polarization in
neigboring layers is found to be antiparallel.

Future studies should investigate the generality of the relations of the tensor
components observed in the vortex phase of the PTO5|STO;, heterostructures
to other complex phases or other systems [39, 127, (130, 131, 223H230]. Further-
more, because of its non-invasive nature, SHG could be employed to monitor the
manipulation of complex phases in ferroelectric thin films [40), [42] (132, 231-233].
Such operando access could be crucial for the development of applications that
rely on complex phases [122] [123] [133H136].

We will explore manipulation of an ordered multi-domain structures with in-
plane polarization using electric trailing field of a scanning-probe tip in Chapter [7}
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Manipulation of
in-plane polarization 7
using electric trailing field

In-plane polarization offers several advantages for applications, such as the inher-
ent robustness of the in-plane polarization because of the absence of depolarizing
field effects. It is, however, not only challenging to determine the nanoscale domain
structure of in-plane polarized films, but also to manipulate it deterministically be-
cause of the presence of polarization along multiple axes and directions [234]. In
this chapter, we present the stabilization of an in-plane polarized domain structure
in the PTO|STO superlattice with ultrathin layers. We use the electric trailing field
of the scanning-probe tip to manipulate the as-grown multi-domain configuration.
Starting from the as-grown domain configuration with four polarization directions,
we locally manipulate domains to either stabilize two polarization directions or a
single polarization direction. This deterministic control over the domain population
within an extended area constitutes a step forward in the design of devices based
on in-plane polarization.
The results presented in this chapter are published as [235]:

N. Strkalj, M. Bernet, M. F. Sarott, J. Schaab, M. Fiebig, and M. Trassin. “Sta-
bilization and Manipulation of In-plane Polarization in a Ferroelectric|Dielectric
Superlattice”, J. Appl. Phys. 129, 174104 (2020) The manuscript can be found in
its entirety in Appendix D}

7.1 Stabilization of in-plane polarization

Ordered multi-domain structures with in-plane polarization typically arise in ferro-
electric layers under the influence of tensile epitaxial strain. In our PTO12|STO12
superlattice on a metallic SRO buffer under the tensile strain of a (110)-oriented
GSO substrate [210, 236], we stabilize the so-called aa;/aas phase, see Fig.
In the aa;/aa; phase, domains arrange in stripes alternating between aa;-domains
and aas-domains, as introduced in Subsection Domain walls in the aa;/aas
phase lie along [100] and [010] directions. This domain structure was theoretically
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proposed in tensile-strained films 238]. It was previously stabilized only
using chemical tensile strain [239].

We employ the superlattice architecture to provide sufficient volume of the
ferroelectric material for the investigation of the domain configuration
212| 221}, 236 [240, 241]. In the case of a superlattice with ultrathin layers,
electrostriction at interfaces triggers domain wall propagation throughout the
PTOI|STO interfaces 211}, 1227, 230, 242]. All ferroelectric layers thus host an
equivalent domain configuration with respect to the positions of domain walls.

[170]

aa; p

(b)
r [110]
NN A

Figure 7.1: (a) LPFM of a PTO|STO superlattice on an SRO-buffered (110)-oriented
GSO substrate. Crystallographic directions refer to the PTO tetragonal lattice. The
scale bar is 2 um. Sketches represent the tip and scanning orientation with respect to
the crystallographic axes. (b) Schematic of the domain configuration with polarization
directions in the aa;/aa> domain structure indicated on top and left sides.

7.2 Manipulating nanoscale domains with in-plane
polarization by the electric trailing field

In-plane polarization can be manipulated with electric fields applied either with
planar interdigitated electrodes [243-245] or by the scanning-probe tip [175-180,
246H248]. Here we use the electric trailing field of the scanning-probe tip as
schematized in Fig.[7.2(a).

For a stationary tip at a positive voltage with respect to the sample, an in-plane
electric field is applied radially away from the tip apex. During scanning, the tip
moves across the sample in a zigzag pattern. The resulting electric trailing field
results along the slow scanning axis in the direction opposite to the slow scanning
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direction for the positive voltage of a scanning-probe tip (Fig. [7.2(b)). No net
electric field results along the fast scanning axis.
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Figure 7.2: (a) Schematic of the application of a electric trailing field with a scanning-
probe tip at a positive voltage with respect to the sample. Sketches represent tip (gray),
scanning trace (black zigzag line) and the in-plane electric field (red arrows). An area
elongated along the slow scanning axis is outlined in dashed grey. (b) The sketch of the
polarization direction after the application of an in-plane electric field of a scanning-probe
tip (gray) within the outlined area is depicted at three time points t; <ty<t3. The resulting
electric trailing field Ep is directed opposite to the slow scanning axis (thick red arrow).

We manipulate the polarization of the nanoscale multi-domain configuration by
applying the electric trailing field at either 45° to the polarization directions of two
aa-domain variants or in the polarization direction of an aa-domain variant. After
poling with an electric trailing field applied at 45° to the polarization directions of
two aa-domain variants, only regions of these two domain variants are present
within the poled area, see Fig.[7.3|b). After poling with an electric trailing field
applied in the polarization direction of an aa-domain variant, that single variant of
the aa-phase is stabilized within the poled area, see Fig.[7.3|c).

7.3 Discussion and outlook

We stabilize the aaj/aa, phase in a PTO|STO superlattice with an average as-
grown domain size of 30 nm. Such a large domain size for ultrathin ferroelectric
layers of 12 u. c. thickness presents a deviation from the square-root law, as
discussed in Subsection[2.1.2]and as previously observed in single ferroelectric
layers [246],[249-251].

Furthermore, we show a high degree of control over the domain configuration
via application of in-plane electric trailing fields. By poling the as-grown domain
configuration in the polarization direction of one domain variant of the aa;/aas
phase, we deterministically create single-domain regions of that domain variant
with a lateral extension of up to hundreds of um?. Strikingly, no change to the
poled single-domain regions is observed over a 90-day time period at ambient
conditions.

Future studies should also focus on domain walls in the aa;/aa, domain
structure. Using the electric-trailing field of the scanning probe tip, we could write
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Figure 7.3: (a) Sketches representing tip (gray), scanning trace (zigzag line) with respect
to the crystallographic axes and the resulting in-plane electric trailing field Ejp. (b) LPFM
and (c) VPFM images resulting after the application of the in-plane electric trailing field
to the 2.5x2.5 um? (top) and 5x5 um? (bottom) areas highlighted by the white dashed
outline.

domain walls between domains that have a controlled polarization direction and
investigate the conduction properties of these domain walls [171] 246, [252-257].

Ultimately, our results on manipulating in-plane polarization help establish
applications where avoiding depolarizing field effects is necessary.
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Conclusion and outlook

The work presented in this thesis covers the emergence and evolution of ferroelec-
tricity in films of model perovskite oxides. During this thesis, a highly sensitive, yet
non-invasive, tool — ISHG — is developed to access polarization during the growth
of ferroelectric thin films. The use of ISHG reveals previously elusive transient
phenomena occurring during the growth of ferroelectric thin films. Because these
transient phenomena have lasting consequences on the polarization in a ferroelec-
tric layer, ISHG is indispensable in understanding the ferroelectric response. The
information obtained by ISHG further allows to engineer robust net polarization in
ferroelectric-based heterostructures which is desired in application.

Furthermore, we investigate complex ordering of dipole moments in multilayers
using SHG and their electric-field manipulation. The achieved identification of such
complex ordering using a non-invasive approach and the controlled manipulation
of an ordered multi-domain structure present steps towards operando studies of
ferroelectric-based heterostructures.

In particular, in Chapters 4| and B, we have seen that employing a nonlinear
optical approach right where the film functionality — polarization — is set, i. e.
during growth, gives insight into the emergence of polarization, its dynamics during
halted growth and its evolution in a multilayer architecture. We began by showing
in Chapter [4] the transient effects of the depolarizing-field enhancement on the
polarization in a SRO|BTO|SRO capacitor. We found the origin of the resulting
domain formation in the thickness-dependent conduction properties of the top SRO
electrode. This insight enabled us to stabilize a single-domain configuration in a
ferroelectric capacitor that could not be achieved from standard post-deposition
characterization. After establishing the importance of interface contributions in the
setting of the polarization state in Chapter 4}, we next investigated the dynamics
of polarization during the deposition process of a PTO film in Chapter 5| We
monitored the influence of a single interface during growth in contrast to the joint
influence of both interfaces at the growth interruption. The independent access to
the contribution of each interface in setting of the polarization state allowed us to
develop the concept of configurations of competitive and cooperative interfaces.
In the case of cooperative interfaces, we stabilized a robust polarization state in
terms of polarization magnitude, retention of a polarization reversal and resilience
to an unfavorable electrostatic environment.
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In Chapers [6] and [7] we moved on to multilayers of PTO|STO to explore
more complex ordering of dipole moments. As a first step, in Chapter [6| we
discuss the measured and modelled optical SHG response of the PTO|STO
heterostructures hosting phase coexistence of a;/as domains and complex arrays
of dipole moments. We evidenced the high sensitivity of SHG in probing such
domain structure even in single ultrathin layers, suggesting opportunities for non-
invasive identification of other complex arrays of dipole moments. Finally, we
presented the stabilization and manipulation of the aa;/aa; domain structure
in Chapter [7] We achieved large single-domain regions in this ordered multi-
domain structure using in-plane electric trailing field of a scanning-probe tip. This
deterministic control over the domain population is essential for the design of
devices based on in-plane polarization.

In the past 100 years, ferroelectric materials have made the journey from their
first discovery to being “mainstream” components in electronics. Ferroelectric
applications are more and more based on their intrinsic properties of a switchable
polarization and bound charge at interfaces, then on the concomitant properties oc-
curring in ferroelectric materials. The results obtained during this thesis showcase
the value of non-invasive access to polarization in overcoming the challenges of
integrating ultrathin ferroelectrics into applications. The information obtained from
SHG lead, on the one hand, to the understanding of the ferroelectric response
in oxide heterostructures, and on the other hand, to a playground for tuning the
ferroelectric response for targeted functionalities.
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We identify a transient enhancement of the depolarizing field, leading to an unexpected quench of net
polarization, during the growth of a prototypical metal-ferroelectric-metal epitaxial system made of BaTiO5
and SrRuOj;. Reduced conductivity and, hence, charge screening efficiency in the early growth stage of the
SrRuOj; top electrode promotes a breakdown of ferroelectric BaTiO5 into domains. We demonstrate how a
thermal annealing procedure can recover the single-domain state. By tracking the polarization state in sifu,
using optical second harmonic generation, we bring new understanding to interface-related electrostatic

effects in ferroelectric capacitors.

DOI: 10.1103/PhysRevLett.123.147601

The demand for ever-smaller and energy-efficient devices
drives the development of ultrathin ferroelectrics with a
robust polarization state and reliable switching properties
[1-5]. However, the macroscopic polarization can be lost
when the ferroelectric is implemented into the required
metal-ferroelectric-metal thin-film capacitor heterostructure
[6,7] since interface-related effects can drastically alter the
polarization behavior [8—12]. For example, uncompensated
bound surface charges at epitaxial ferroelectric interfaces
result in a depolarizing field, which can trigger a drop of the
ferroelectric Curie temperature (7'.) or nanoscale domain
splitting [13—17]. Furthermore, ferroelectric layers are
usually grown below T, [18-21], so that their polarization
state is set during the heterostructure growth [22-24]. Here
the deposition process and the accompanying transient
electrostatic effects at the metal-ferroelectric interface gov-
ern the resulting polarization state. Hence, understanding the
growth dynamics and promoting the involved depolarization
fields towards a robust remnant polarization and a controlled
domain distribution in the ultrathin regime poses a key
challenge on the way to ultrathin functional ferroelectric
heterostructures and devices [25].

In this Letter, we identify microscopic physical mecha-
nisms determining the depolarizing field and domain for-
mation in a prototypical metal-ferroelectric-metal epitaxial
heterostructure, StRuO;|BaTiO;|StRuO; (SRO|BTO|SRO).
We track the evolution of the ferroelectric order during the
deposition by laser-optical in situ second harmonic generation
(ISHG) [24]. We find that the first unit cells of the top electrode
exhibit reduced conductivity and, hence, insufficient charge
screening. This triggers a ferroelectric multidomain break-
down manifesting as net-polarization quench. The unprec-
edented insight into the growth process allows us to develop a
procedure controlling the influence of the depolarizing field

0031-9007/19/123(14)/147601(7)
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by thermal annealing. While previous thin-film studies on the
depolarizing field in ferroelectrics are restricted to uncapped
specimens or periodic domain patterns [14,21], we reveal
explicit mechanisms controlling the net polarization of ultra-
thin ferroelectrics in capacitor heterostructures. This is all the
more important since any metallic layer in a heterostructure
begins its existence as ultrathin film, becoming “thick” only
upon ongoing deposition. Our findings support the develop-
ment of oxide electronics because they shed light on a hitherto
inaccessible yet crucial aspect: the evolution of the oxide
multilayer heterostructure, right where its functionalities are
coined with the deposition of the first monolayers.

We study the polarization state in a model ferroelectric
capacitor system composed of a ferroelectric BTO thin film
between two metallic SRO electrodes. Uniaxial ferroelec-
tric BTO (001) films with a thickness of 30 unit cells (u.c.)
were grown by pulsed laser deposition (PLD) on (001)-
oriented SrTiO; (STO) buffered by 10 u.c. of SRO. The
substrate exerts ~2.2% compressive strain, increasing the
ferroelectric Curie temperature (7°.) above the growth
temperature (7 g0y = 650°C) [19]; further details on
growth conditions are available in Ref. [26]. Room-temper-
ature ferroelectric properties were confirmed using piezor-
esponse force microscopy (PFM). The high-quality single-
domain as-grown state of the BTO and its local switching
behavior are depicted in Figs. 1(a) and 1(b).

We monitor the ferroelectric response during the thin-
film deposition using ISHG as a noninvasive detection
technique. SHG denotes frequency doubling of a light wave
in a material. This process is sensitive to the loss of
inversion symmetry and therefore occurs with the emer-
gence of ferroelectric order [46—48]. The ISHG signal is
measured in 45° reflection geometry and its polarization is
chosen such that it detects the out-of-plane component of

© 2019 American Physical Society
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FIG. 1. Evolution of polarization during SRO|BTO|SRO
capacitor design. (a)—(b) PFM phase images showing out-of-plane
contrast of compressively strained BTO grown on SRO-buffered
STO, with £10 V applied to the scanning tip. (c) ISHG signal
during the growth of BTO on SRO-buffered STO (left panel) at
T growin = 650°C, during hold time after the completion of the
BTO layer (middle panel) and during subsequent deposition of the
top SRO layer (right panel). The insets show the ISHG anisotropy
obtained by simultaneously varying the polarization angle (/)
of the incident fundamental (1200 nm) and the detected
SHG (600 nm) light. The simulations are plotted as continuous
lines. Note that in the right panel no signal is recovered after
cooling to room temperature.

the ferroelectric polarization emerging in the BTO during
the deposition process [49]. Reflection high energy electron
diffraction (RHEED) is performed simultaneously with
ISHG to ensure the growth quality and to calibrate the
ISHG yield to the thickness with u.c. accuracy [26].

Figure 1(c) presents the ISHG signal during the
deposition of the BTO and the SRO cap layer of the
SRO|BTOISROJ|STO heterostructure. The left panel con-
firms an onset of the ferroelectric BTO polarization at a
critical thickness of 5 u.c. on SRO||STO [24,50]. The ISHG
anisotropy measurement in the inset is characteristic of the
tetragonal point-group symmetry 4mm of the BTO with an
out-of-plane orientation of the spontaneous polarization. The
ISHG data combined with ex situ PFM-phase measurements
[Fig. 1(a)] show the single-domain nature of our BTO films.
This indicates that the depolarizing field in BTO is suppressed
by sufficient charge screening exerted by the 10 u.c. bottom
SRO and the oxygen-rich growth atmosphere [51-54].

We now follow the BTO polarization state during the
subsequent deposition of the SRO cap layer. Most strikingly,

the ISHG intensity drops to zero with the growth of only
2 u.c. of SRO, see right panel of Fig. 1(c) (with an error of
40.5 u.c. [26,55]). This net-polarization quench is startling
as it suggests the emergence of a strong depolarizing field,
which is in contradiction to the expected metallic nature of
the SRO. The ISHG drop cannot be attributed to probe-laser
damage because sustained irradiation of the completed BTO
film does not yield an ISHG decrease (middle panel). Linear
absorption of the ISHG light passing an SRO cap layer of
2 u.c. results in an intensity decrease of less than 10% [24]
and cannot explain its complete quench either.

The ISHG signal breakdown could result from strain
relaxation and/or chemical disorder at the interface, which
might lower 7, and push the BTO into the paraelectric
phase. Therefore, we investigated the strain state, the
local atomic structure, and the chemical composition of
the SRO|BTO|SRO||STO trilayer. For this, a spherical-
aberration-corrected FEI Titan Themis microscope
operated at 300 kV and equipped with ChemiSTEM
technology was used; see Ref. [26] for more details. The
post-deposition scanning-transmission-electron-microscopy
(STEM) analysis in Fig. 2 reveals that the BTO layer sustains
the in-plane strain state from the substrate. Hence, we rule
out a strain-relaxation-induced drop of 7', as a cause of the
ISHG quench. Alternatively, pinned dipoles at RuO,|BaO-
terminated interfaces were reported to suppress the polari-
zation of BTO [56]. For verifying this, the atomic species at
the interfaces were resolved using atomic-resolution energy-
dispersive x-ray (EDX) spectroscopy. The sharp SRO|BTO
interface shows very little interdiffusion. In addition, we
found that both interface terminations are SrO|TiO,, ulti-
mately excluding the role of interface chemistry in the
ISHG loss.

Exclusion of the aforementioned mechanisms leaves
electrostatic effects [57,58] as likely explanation of the
ISHG quench. Insufficient charge screening by the top SRO
electrode could result in an enhanced depolarizing field and
concomitant multidomain or paraelectric-state formation
and thus, net-polarization breakdown. However, as the
bottom electrode shows, 10 u.c. of SRO screen the BTO
charges sufficiently, according to the single domain state of
the BTO layer in Fig. 1(a).

We therefore need to consider the charge screening
efficiency of an SRO top electrode below 10 u.c. thickness,
a stage that our heterostructure inevitably undergoes during
the deposition of the final 10 u.c. electrode. We used density
functional theory (DFT) to explore the SRO metallicity in
the ultrathin regime. We calculated the density of states
(DOS) at the Fermi energy (Er) as a function of the SRO
thickness. Calculations were performed with the PBEsol
functional [59] using the vASP code [60] with the PAW
approach [61]. Plane waves were cut off at an energy of
500 eVand a6 x 6 x 6 Monkhorst-Pack grid was used for a
single perovskite unit cell. A Hubbard-U term [62] with
U+ = 2.0 eV was applied to the d orbitals of Ru. Our top
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FIG. 2. Analysis of strain state and atomic species at the
interfaces of SRO|BTO|SRO capacitor. (a) Atomically resolved
structure using high-angle annular dark-field STEM. The inset
shows the EDX analysis indicating an atomically sharp
BTOISRO interface with very limited interdiffusion. (b)—(c) Strain
maps showing the out-of-plane (b) and in-plane (c) lattice
parameter variation relative to the STO substrate lattice constant.
The SRO|BTO|SRO capacitor is coherently strained in-plane to
the SRO substrate excluding strain relaxation as the polarization
suppression mechanism. (d) Interface termination by EDX
spectroscopy. Both SRO|BTO|SRO interfaces have SrO|TiO,
termination which is not detrimental to the polarization state [56].
Hence, the preservation of strain, minimal degree of interdiffu-
sion, and interface chemistry suggest electrostatic effects as an
explanation for the net-polarization quench in Fig. 1.

SRO|BTO electrode is coherently strained to the STO
substrate; see Figs. 2(b) and 2(c). Furthermore, the interface
termination at the top SRO|BTO is SrO|TiO,; see Fig. 2(d).
In the calculations, we therefore considered an SRO|BTO
heterostructure with the experimentally relevant in-plane
STO substrate lattice parameter, SrO|TiO, interface termi-
nation, and upwards ferroelectric polarization of the BTO
layer. A heterostructure of 5 u.c. BTO and n u.c. SRO was
relaxed. The SRO is in the P4/mbm space group while the
BTO has neither octahedral rotations nor tilts [63]. Forces
were converged to 5x 1073 eV/A%. We found that an
insulating antiferromagnetic configuration is preferred
below a thickness of 2 u.c., while the metallic ferromagnetic
configuration is preferred at 2 u.c. and higher thicknesses;
see Fig. 3(a). In line with this, previous reports on SRO
showed a thickness-related metal-insulator transition in
similar systems [64—66]. Experimentally, we extracted the
optical conductivity of the 1,2, and 10 u.c. SRO cap layers in
the SRO|BTO|SRO||STO system from reflectance spectra
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FIG. 3. Origin of the BTO net-polarization quench. (a) DFT

calculations compare the DOS at E for different thicknesses of
SRO. The antiferromagnetic 1 u.c. thick SRO film is insulating,
as shown by the zero DOS at E. The ferromagnetic 2 u.c. thick
SRO and thicker films are metallic according to the finite DOS at
E . (b) Terahertz time-domain spectroscopy measurements show
a continuous decrease in top SRO conductivity oy with layer
thickness. (c)—(e) Topography and corresponding out-of-plane
PFM and conductive atomic force microscopy (cAFM) data after
nanomachining away the SRO top electrode to expose the BTO.
The removal is visible as a step in the topography image (c), as an
enhancement of PFM signal (d), and as suppressed conduction
(e) in the exposed BTO area. (f) Resonant PFM of the as-grown
exposed BTO surface reveals a multidomain pattern in the PFM
phase. Voltage tip poling in the area on the right recovers a single-
domain state, confirming the preservation of ferroelectricity in the
BTO. The bright area is down-polarized with a positive tip
voltage and the dark area is up-polarized with a negative tip
voltage.

measured by terahertz time-domain spectroscopy [26—29].
Our results in Fig. 3(b) are in agreement with the previous
measurements on SRO films [30,31] and show a pronounced
reduction of conductivity towards thinner SRO layers. The
reduction in conductivity together with the diminishing
thickness leads to a continuous decrease in screening
efficiency from bulklike to a monolayer. The poorly con-
ducting 1-2 u.c. thick SRO abruptly isolates the BTO
from the charge-screening oxygen-rich growth atmosphere
[53,54] and enhances the depolarizing field.

For a direct verification of the depolarizing-field-induced
multidomain breakdown, we image the domain state of our
heterostructures by PEM. Using the ISHG real-time feed-
back, we deposited the amount of SRO required for a net-
polarization quench, subsequently removing the SRO by
nanomachining with a diamond-coated PFM tip. There is a
risk that the mechanical forces in this procedure might
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affect the domain state. However, in earlier tomographic
PFM characterization, this was not observed [32]. The
absence of BTO surface degradation or mechanical switch-
ing induced by this process [67] was verified by AFM in the
nanomachined area [26]. By exposing the BTO, we can
probe its domain state by high-resolution resonant PFM
and confirm that the cap SRO deposition has led to the
formation of a 180° domain maze pattern with an average
domain width of 30 £ 10 nm [68]. Preservation of the
ferroelectric nature of this state is evidenced by reversible
tip poling of the polarization with 10 V in the exposed
area; see PFM phase images in Fig. 3(f).

How can we bypass the transient depolarizing field
enhancement and thus recover the single-domain ferro-
electric state of the BTO in the final capacitor hetero-
structure? Wide-area electric-field poling via the SRO
electrodes shows limited efficiency because of pinned
and randomly oriented domains at local defects or inter-
faces [69—71]. As an alternative, we should be able to delete
the ferroelectric state entirely by a heating cycle through T
and recover the single-domain ferroelectric state of the
BTO on cooling, provided that the thermal treatment is
performed once the SRO cap layer reaches the thickness at
which it is sufficiently metallic. When cooling the sample
from above T, the buildup of the transient depolarizing
field is now avoided, and a single-domain state should
result.

For verifying this approach, we use strain engineering
to reduce 7. to reach an experimentally accessible
value and to avoid sample deterioration by the annealing
cycle. We consider three different substrates: STO (lattice
mismatch 7 = —2.2%), (110)-oriented DyScO; (DSO)
(n=—12%) and (110)-oriented GdScO; (GSO) (n =
—0.6%). The ISHG signal during the BTO growth in
Fig. 4(a) confirms the single-domain ferroelectric state
of the BTO for all three substrates with lower polarization
for lower epitaxial compressive stress. In Fig. 4(b), temper-
ature-dependent SHG shows the reduction of 7. with the
reduction of compressive stress, finally leading to an
accessible 7, = 720°C on GSO.

We therefore apply the annealing cycle to the
SRO|BTO|SRO||GSO. The ISHG anisotropy in Fig. 4(c)
reveals that the single-domain state is quenched, as with the
STO substrate, by the deposition of the first layers of SRO
cap electrode. After completing the heating cycle through
T., the ISHG yield and its light polarization dependence
are completely restored [26]. The annealing process is
schematized in Fig. 4(d). The result of the annealing
experiment is another strong confirmation that the transient
enhancement of the depolarizing field, caused by imperfect
charge screening in the early stage of the top electrode
deposition, explains the multidomain breakdown, rather
than chemical intermixing or termination effects, that
would not be eliminated by the annealing. More impor-
tantly, we see that annealing is an attractive alternative to
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FIG. 4. Domain engineering in SRO|BTO|SRO by thermal
annealing. (a) ISHG signal during BTO growth on SRO buffered
(001)-STO (n = —2.2%), (110)-DSO (3 = —1.2%), and (110)-
GSO (7 = —0.6%) substrates. (b) ISHG intensity as a function of
temperature for different substrates, relative to the value at the end
of growth (T gqin = 650 °C). The decrease of T, with decreasing
lattice mismatch is used to suppress T, for SRO/BTO|SRO on
GSO sufficiently to heat it above 7. and reset the polarization
state of the completed heterostructure. (c) ISHG anisotropy
measurements at different stages of the annealing process.
Single-domain polarization after the BTO|SRO||GSO growth
(left). After the SRO capping, the signal yield is zero because of
destructive multidomain SHG interference (middle). Thermal
annealing recovers the initial ISHG signal and, hence, a single-
domain state (right). Absolute ISHG intensities from BTO change
with temperature and with the thickness of the SRO capping layer
which absorbs the fundamental light. (d) Sketch of the annealing
process. Data points in (b)—(c) were taken after realignment for
temperature-induced mechanical drifts.

the notoriously difficult electric-field poling in establishing
an as-grown single-domain ferroelectric heterostructure in
the ultrathin regime.

In summary, we have tracked the polarization state of a
prototypical ferroelectric, BaTiOs, throughout deposition
of a metallic SrRuOj; top electrode. Laser-optical in situ
second harmonic generation, supported by density func-
tional theory and terahertz time-domain spectroscopy,
reveals a transient enhancement of the depolarization field
because of the “bad” metallic nature of ultrathin StRuO;.
We thus pinpoint insufficient charge screening as the origin
of the resulting multidomain breakdown of the ferroelectric
net polarization.

Because most of the commonly used metal-oxide
electrodes exhibit a thickness-dependent conductivity
[64-66,72—74], our conclusions are independent of the
choice of the oxide material and the epitaxial growth
technique. The ability to tune the depolarizing field during
the deposition goes beyond the capacity to engineer the
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domain formation during growth. For instance, interfacial
charge screening is a key ingredient in enhanced ferro-
electric behavior [17] and the recently reported negative-
capacitance heterostructures [75]. Therefore, our work,
bringing awareness of the electrostatics dynamics during
the heterostructure design, will stimulate not only the
investigation of complex electrostatics in ultrathin ferro-
electric heterostructures and superlattices but also at polar
surfaces and interfaces in general.
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he two interfaces of a thin film are instrumental in setting

its properties. Tight control over the interface configura-

tion is therefore vital for applications. For example, in
ferroelectric materials, a major obstacle to stabilizing the electric
polarization in ultrathin layers is uncompensated bound charge at
the interfaces! . Approaches to combat the resulting depolariz-
ing field focus on acting on the bound charge at either the bottom
interface by introducing metallic buffer electrodes®* and atomic-
scale interface engineering?, or at the top interface by introducing
charge-screening environments such as gases®’ or liquids®-10.
Acting on both interfaces in the same experiment is hampered by
the lack of separate, yet simultaneous experimental access for
observing how these interfaces set the resulting polarization state
of the film. Understanding such correlation becomes especially
significant when the interfaces are separated by only a few
nanometers.

Combined interface effects in ferroelectric thin films are most
directly accessed by observing the spontaneous polarization right
when it is formed—during assembly of the film in the growth
chamber! 112, Using a laser-optical detection technique, in situ
second harmonic generation (ISHG)!3, we achieve this in ferro-
electric PbTiO; (PTO). We use PTO as a model system to explore
the joint effects of two nanometer-spaced interfaces. We design
and identify the influence of the bottom layer for itself and
compare it to the influence exerted jointly by the PTO bottom and
top interfaces, which we then relate to the resulting net polar-
ization. Microscopic understanding is gained through scanning
transmission electron microscopy (STEM), angle-resolved X-ray
photoelectron spectroscopy (XPS), and first-principles calcula-
tions. Competitive and cooperative interface configurations are
achieved by engineering the termination of the bottom interface to
cause the film to exhibit either upwards or downwards polariza-
tion, while the top interface always promotes downwards polar-
ization. In the cooperative case, giant polarization enhancement
occurs when the influence of the top interface complements that
of the bottom layer. Such fundamental understanding of proxi-
mity effects of thin-film interfaces should help to promote the
integration of ultrathin ferroelectrics beyond previous limitations.

Results

We begin our investigation by monitoring the emergence of
polarization in a PTO film using ISHG!3. SHG denotes frequency
doubling of a light wave in a material, a process sensitive to the
absence of inversion symmetry. It therefore occurs with the onset
of ferroelectric order, and with an amplitude that is proportional
to the dipole moment and thickness in thin films!41>. All ISHG
measurements were conducted under identical experimental
conditions, see “Methods,” and the resulting intensities in arbi-
trary units can thus be quantitatively compared. Simultaneously,
reflection high energy electron diffraction (RHEED) is performed
to ensure the growth quality and to calibrate the ISHG yield to the
film thickness with unit-cell (u. c.) accuracy.

The PTO film grown on SrTiO; (STO) substrate is buffered by a
Lay,Sry30-terminated (001)-oriented metallic Lag,Sry3MnQO;
(LSMO) layer which sets the macroscopic single-domain polar-
ization upwards, away from the bottom interface®. Details of the
growth of the ferroelectric films are reported in Supplementary
Note 1. During PTO deposition, we observe a rather striking
ISHG evolution (Fig. 1a). (i) Polarization emerges from the very
first u. c., with subsequent increase of ISHG intensity with thick-
ness. (ii) Upon interrupting the deposition, the ISHG evolution
abruptly changes and the ISHG intensity gradually decreases to a
new stable value, see Fig. 1b. (iii) Upon resuming the deposition,
the ISHG intensity abruptly recovers to its pre-interruption
value and continues to increase with thickness as in (i).
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Fig. 1 Polarization suppression from competitive interfaces. a ISHG signal
tracking the PTO thin-film polarization during ongoing (filled red symbols,
0-8 u. ¢.) and halted (filled black symbols) growth. The time axis for this
growth protocol reveals relaxation of the polarization on the order of 102 s.
The inset shows the chemistries of interfacial planes at the PTO|LSMO
interface and the polarization direction set by the bottom interface. The
dashed line indicates recovery of the ISHG intensity upon resuming the
deposition. b Time-dependent ISHG signal after interrupting deposition,
normalized to the maximum value =100. ¢ Post-deposition STEM map of
the dipole moments. The arrows show the direction (color wheel) and
amplitude (arrow length) of the associated dipole moments (top). Scale bar
is 1nm. The OOP B-site displacement (g) of the persistent state is mapped
throughout the PTO|LSMO bilayer (bottom). Black symbols refer to LSMO,
red and blue symbols refer to upwards and downwards polarization,
respectively, in PTO. The error bars are the standard error of the mean. The
electrostatic boundary conditions at the Lag7Sro30|TiO,-terminated
LSMO|PTO interface result in the observed displacement discontinuity, see
main text and ref. 16,

The observed absence of a critical thickness (i) has been pre-
viously reported for Pb-based ferroelectrics!®1%, and is further
highlighted in Supplementary Note 2. The ISHG drop at the growth
interruption (ii) is only observed for PTO films thinner than 40 u. c.
(see Fig. 1b). The origin of the ISHG drop could be sample
degradation, polarization suppression, or domain formation20. We
therefore conduct a post-deposition STEM analysis by mapping the
atomic displacements throughout the PTO film. The local mani-
festation of the polarization drop (ii) in the high-quality films is
twofold, see Fig. 1c. First, dipole moments next to the top interface
are reversed with respect to the direction set by the bottom interface,
pointing downwards across 3-4 u. c. Second, beneath this region,
the dipole moments retain the orientation set by the bottom
interface, but their magnitude is suppressed, with PTO out-of-plane
(OOP) B-site displacements of <5pm compared to 16 pm in the
bulk?!. This points to the top interface favoring downwards polar-
ization and therefore to a competition between bottom and top
interfaces in setting the net polarization direction. This strikingly
results in a substantial suppression of the polarization throughout
the film.

We observe in Fig. 1b that the process responsible for the
influence of the top interface on the polarization state occurs on a
much longer time scale with respect to the growth process. As
long as the growth continues, the polarization state is therefore
essentially determined by a single interface, the bottom interface.
An upwards polarization is established throughout the film dur-
ing growth, resulting in the initially large ISHG signal. Once
the growth is stopped, the top interface consolidates, and the

2 | (2020)11:5815 | https://doi.org/10.1038/s41467-020-19635-7 | www.nature.com/naturecommunications
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combined influence of both interfaces determines the resulting
polarization. Specifically, the top interface promotes downwards
polarization. The strong suppression of the net polarization as
described above is a response that neither interface alone would
generate; it is a remarkable manifestation of a combined interface
effect. The immediate restoration of the initial ISHG signal upon
resuming growth indicates a return to the state dictated by the
bottom interface only. Accordingly, we identify the transient
regime during growth as the “single-interface-contribution”
regime and the persistent regime once the growth is stopped as
the “combined-interface-contribution” regime.

Having revealed that competitive interfaces lead to a pro-
nounced decrease of polarization, we now scrutinize the possibility
of a polarization enhancement by cooperative interfaces. We
choose MnO,-terminated LSMO as the buffer, thus promoting
downwards polarization at the bottom interface®, while keeping
the same strain and growth conditions as in the competitive case.
During PTO deposition, the ISHG signal now evolves as follows.
(i) Following a delayed onset of polarization, further detailed in
Supplementary Note 2, the ISHG vyield increases steadily with
thickness. (Note that the bump in the SHG net intensity is caused
by interference with surface-induced background SHG.) (ii) A
giant tenfold enhancement of ISHG intensity is observed upon
growth interruption. (iii) As before, the transient ISHG intensity is
restored with the continuation of the growth.

The tenfold enhancement is an impressive manifestation of the
difference between the action of a single (bottom) interface and
the joint action of both (top and bottom) interfaces in the tran-
sient and persistent regime, respectively. It only appears in PTO
films thinner than 40 u. c., see Fig. 2b, which emphasizes the role
of interface proximity. Furthermore, whereas in the case of a single
effective interface, upwards polarization exhibits the larger SHG
yield and, thus, dipole moment (Fig. 1), the cooperative action of
two interfaces promoting downwards polarization overrules this
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Fig. 2 Polarization enhancement from cooperative interfaces. a ISHG
signal during ongoing (filled blue symbols, 0-16 u. c.) and halted (filled
black symbols) growth. The inset shows the chemistries of interfacial
planes at the PTO|LSMO interface and the polarization direction set by the
bottom interface. b Time-dependent ISHG signal after interrupting
deposition, normalized to the maximum value =100. ¢ Post-deposition
STEM map of the dipole moments. The arrows show the direction (color
wheel) and amplitude (arrow length) of the dipole moments (top). Scale
bar is 1Tnm. The OOP B-site displacement (5g) of the persistent state is
mapped throughout the PTO|LSMO bilayer (bottom). Black symbols refer
to LSMO, and blue symbols refer to downwards polarization in PTO. The
error bars are the standard error of the mean.

preference (Fig. 2). We verified the giant cooperative polarization
enhancement (ii) by STEM, finding a pervasive bulk-like OOP
B-site displacement of about 16 pm (see Fig. 2c). The observed
Supplementary Note 3.

We next pinpoint the mechanism promoting pervasive down-
wards polarization at the top interface. We rule out the intrinsic
chemistry of the PTO termination as a possible explanation
because, according to ab initio calculations?2, both the PbO and the
TiO, top termination favor an upwards polarization. Our tests with
other ferroelectric perovskites rather point to non-stoichiometry as
was only observed for materials with A-site volatility, i.e., PTO, Pb
[Zr,Ti,_,]O3 (PZT), and BiFeO; (BFO), in contrast to BaTiO;
(BTO)* (see Supplementary Note 3). A-site volatility is usually
compensated by A-site-excess targets in pulsed laser deposition
(PLD) to recover the stoichiometry in the bulk of the films. It can,
however, induce non-stoichiometry at the film surface. In line with
this, a non-stoichiometric phase of Bi,Os_, at the surface has been
shown to cause a local polarization change in BFO films2324,
Similarly, cationic vacancies were reported to affect the PTO
polarization orientation?>. Furthermore, the observed time for the
reconstruction of polarization (ii) of about 10® s matches the the-
oretically derived value in response to ion migration20. Most
importantly, the post-growth surface-sensitive angle-resolved XPS
data shown in Fig. 3a and energy dispersive X-ray analysis reveal
increasing Pb content toward the surface of our PTO films for both
the competitive and the cooperative interfaces (see details in
Supplementary Note 4). The non-stoichiometry of PTO toward the
surface is likely in the form of Pb adatoms. We note that other
sources of non-stoichiometry such as Pb substitution of Ti atoms
were not detected. In summary, we conclude that the Pb-rich top
layer results in a positively charged top interface where it promotes
a downwards polarization.

We use density functional theory (DFT) to verify that non-
stoichiometry at the top interface determines the net polarization
of the film in the persistent regime. We simulate the non-
stoichiometry by introducing a Pb adatom at the top interface of a
stoichiometric lattice of PTO?7-2%. We fix the direction of the
dipole moment in the film at the bottom interface to either up or
down to match with our experiments and allow the ions in the
rest of the film to relax. Our calculations reveal that for an up-
polarized bottom interface the resulting positive bound charge at
the top interface is disfavored by the Pb adatom. In response, see
Fig. 3b, the dipole moment is suppressed throughout the layer
and reversed in the topmost u. c. to reduce the total energy of the
film. In contrast, for a down-polarized bottom interface, the
associated negative bound charge at the top interface is com-
pensated by the positive charge of the bound Pb adatom (Fig. 3¢).
This results in a stabilization of the ferroelectric polarization,
which remains bulk-like throughout the film.

We thus arrive at the following scenario for the growth
dynamics of our PTO films. During growth (transient regime in
Fig. 3d, e), epitaxial stabilization3? promotes stoichiometry in the
PTO films. The film polarization follows the state set at the
bottom interface by the respective LSMO termination. Once the
growth is stopped, the excess Pb from the Pb-rich target material
(see “Methods”) diffuses toward the film surface, which results in
accumulation of positive charges at the top interface. In response,
the polarization of the film is suppressed or enhanced (persistent
regime in Fig. 3d, e).

We then investigate how the interface-induced polarization
suppression and enhancement affect the electric-field poling of
the PTO films. The results of the time-dependent switching
behavior are shown in Fig. 4. In both interface configurations, the
polarization can be locally reversed by the voltage applied to a
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Fig. 3 Competitive and cooperative configurations explored by XPS and DFT. a Pb/Ti atomic ratio at XPS emission angles (20-80)°, higher angles
displaying a higher sensitivity to the sample surface lower angles. Red and blue symbols correspond to the samples with suppressed and enhanced
polarization, respectively. The error bar is based on the estimated experimental accuracy (see “Methods"). b, ¢ Density-functional calculations of dipole
moments (p) perpendicular to the bottom interface in PTO heterostructures with a Pb adatom on the surface. The polarization direction is imposed at the
bottom interface to match with our experiments by fixing the dipole moment of the first u. c. in the calculation (marked as “fixed"). The atomic positions in
heterostructures with (b) PbO and (¢) TiO, top-interface termination and their ionic positions are depicted on the right-hand side of the graph. d, e Sketch
of the competitive and cooperative interfaces for the transient (left) “single-interface” and the persistent (right) “combined-interface” regime. The favored
polarization direction at each interface is indicated with arrows and the resulting bound charges are represented with “+" and “-" signs. The additional
positive charges at the top interface introduced to emulate the non-stoichiometry are shown as “@@".
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P-left

P-right

Fig. 4 Stability of the electric-field-induced polarization switch over time. a-d PFM out-of-plane (in-phase, main panel) and in-plane (quadrature, inset)
data immediately after the poling (4 V) and 48 h later for a, b competitive and ¢, d cooperative interface configurations. PTO films are 20 u. c. thick and
scale bars are 1pm.

piezoresponse-force-microscopy (PFM) tip. In the PTO films despite the bulk-like B-site displacements in the PTO layer. We
with competitive interfaces, the electric-field-induced downwards  conclude that the remnant positive charges from non-
polarization vanishes after 48 h (see Fig. 4a, b). In contrast, in the  stoichiometry at the PTO top-interface efficiently screen the
PTO films with cooperative interfaces, a stable upwards polar- negative bound charges of the enhanced polarization state at the
ization is sustained over the same time period (see Fig. 4c, d). PTOISTO interface, hence preventing multidomain breakdown.
This correlates with our ISHG and STEM data, indicating a In the case of the suppressed polarization state, on the other
robust ferroelectric response when cooperative interfaces are at hand, the positive charges induced by the non-stoichiometry
work. cannot screen the positive bound charges associated with the
Finally, we test the robustness of the competitive and the coop-  oppositely oriented polarization, and multidomain breakdown
erative polarization state by capping the PTO films with 18 u. c. of  occurs (see Supplementary Note 4).
STO. STO isolates PTO from the charge-screening oxygen-rich
growth atmosphere and thus enhances the depolarizing field, pro-  Discussion
moting a multidomain breakdown*!. For the suppressed polar-  Hence we have shown how, in the ultrathin regime, the proximity
ization state, this breakdown is indeed observed, as confirmed and combined influence of both interfaces in a thin epitaxial oxide
macroscopically and microscopically by the SHG and STEM mea-  film determine its properties. We demonstrate drastic differences
surements in Fig. 5a, c. For the enhanced polarization state, how-  between competitive and cooperative interface configurations and to
ever, the single-domain state is retained, as seen in Fig. 5b, d, e.  the action of a single interface. Specifically, in ferroelectric PTO,
Although one might assume the state with the higher net polar-  cooperative interfaces stabilize a bulk polarization state down to the
ization to be more prone to energy minimization through multi-  yltrathin regime of about 10 u. c. and protect it against depolarizing-
domain breakdown, it is, in fact, more robust against STO capping.  field-induced multidomain breakdown. Selective access to the
A possible explanation for this striking behavior is provided interfaces and their correlation is enabled by a unique combination
by the STEM data in Fig. 5d. We find a sharp dipole-moment  of [SHG, STEM, and XPS measurements. We expect our findings to
discontinuity across the epitaXial PTOlSTO interface, which is be relevant for nanoscale oxide thin films in which interfacial
revealed by the absence of B-site displacements in the STO layer  chemistry and charge imbalance at large are important, beyond the
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Fig. 5 Stability of net polarization in a STO|PTO heterostructure.

a, b SHG anisotropy plots of STO|PTO bilayers after cooling to room
temperature, shown on the same intensity scale. Data were obtained by
simultaneously varying the angle § of the polarization of the incident
fundamental and of the detected SHG light at 1200 and 600 nm,
respectively. The simulations, see “Methods,” are plotted as continuous
lines. Note that for the competitive interfaces (a), a measurable signal is
not detected. ¢, d Logarithmic histogram plots showing the number of
occurrences Nsto (black) and Npro of OOP and in-plane (IP) B-site
displacement (8g) measured in post-deposition STEM images for the

(c) competitive (red) and the (d) cooperative (blue) interface
configuration. The zero net value of B-site displacement in the OOP
direction of the competitive case in the multidomain state is the result of
polarization averaging across the thickness of the lamella. e Post-deposition
STEM map of PTO dipole moments after STO capping in the cooperative
configuration. The arrows show the direction (color wheel) and amplitude
(arrow length) of the dipole moments. Scale bar is 1nm.

specific A-site volatile proper ferroelectrics investigated here. Bi-
interfacial control of ultrathin films can thus become a key factor in
bypassing present limitations of oxide-electronic functionalities and
devices3233,

Methods

Thin-film deposition. The thin films and heterostructures were grown on TiO,-
terminated STO (001) substrates by PLD using a KrF excimer laser at 248 nm. The
fluence of the laser, its repetition rate, substrate temperature, and growth pressure
for individual layers were as follows: SrRuO; (SRO): 0.9 Jem~2, 2 Hz, 700 °C,

0.1 mbar O,; LSMO: 0.9 Jem~2, 1 Hz, 700 °C, 0.15 mbar O,; PTO: 1.15 Jem~2,

4 Hz, 550 °C, 0.12 mbar O,; and STO: 1.15 Jem~2, 2 Hz, 550 °C, 0.12 mbar O,. The
PTO target was Pb-enriched (Pb, ,TiO3) and the other targets were stoichiometric.
The thickness of the thin films was monitored using RHEED during growth. The
thin-film topography and PFM were performed using a Bruker Multimode 8
atomic force microscope.

In situ second harmonic generation (ISHG). The incident light was generated
from a Ti:Sapphire laser light with a pulse duration of 45 fs, a repetition rate of
1kHz, and a wavelength of 800 nm, which was converted using an optical para-
metric amplifier to light with a wavelength of 1200 nm. This incident beam was

focused onto the sample in the thin-film growth environment in reflection at 45°
with a pulse energy of 30 pJ and a spot size 250 um in diameter. The optical SHG
signal was generated at 600 nm and detected using a monochromator and a
photomultiplier system.

Analysis of SHG signal. The SHG process is expressed by the equation

P,(2w) = eoxf]i)Ej(w)Ek(w), where Eji(w) and Pj(2w) are the electric-field com-
ponents of the incident light and of the frequency-doubled polarization, respec-
tively. The point-group symmetry of a compound determines the set of its tensor

2)

components y;; # 0. The anisotropy simulations of the tetragonal 4mm group were

consistent with the SHG data when the components y2), y2) , and y2) were fitted
as nonzero.

Scanning transmission electron microscopy (STEM). Cross-sectional specimens
for the STEM analysis were prepared by mechanical polishing using a tripod
polisher followed by argon ion milling using a Fishione ion miller model 1050
operated at 3 kV until electron transparency. A FEI Titan Themis equipped with a
probe CEOS DCOR spherical aberration corrector and ChemiSTEM technology
operated at 300 kV was used for HAADF-STEM imaging and EDX spectroscopy.
The atomic-resolution HAADF-STEM images were acquired setting a probe semi-
convergence angle of 25 mrad in combination with an annular semi-detection
range of the annular dark-field detector of 66-200 mrad. To correct for the scan
distortions, time series consisting of 10 frames (2048 x 2048 pixels) were acquired
and averaged by rigid and nonrigid registration by means of the Smart Align
software34. A Gaussian filter was applied, followed by a custom-developed Python
code for blind probe deconvolution assuming a Gaussian distribution as the initial
probe to reduce the spread of the atomic columns. Subsequently, fitting of the
atomic columns was performed using the Python library Atomap3° and the local
dipole moment was calculated by measuring the polar displacement of the B
position in the image plane from the center of mass of its four nearest A neighbors.
The dipole moment is plotted in the HAADF-STEM images opposite to the B-site
displacement (Jp).

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectra were
acquired using a PHI QuanteraSXM (ULVAC-PHI, Chanhassen, MN, U.S.A.)
spectrometer. The films were mounted on standard PHI platen and analyzed using
a monochromatic Al K, source (hv = 1486.6 eV at 24.5 W); the beam diameter was
of 100 um. The analyzer was operated in the fixed analyzer transmission mode. A
pass energy of 69 eV and a step size of 0.125 eV were used to obtain the high-
resolution spectra of C 1s, O 1s, Ti 2p, and Pb 4f. The linearity of the energy scale
was checked according to ISO15472: 2010 (confirmed in 2015) and the accuracy of
the binding-energy value for each element was found to be 0.1 eV. The binding
energies were referred to adventitious aliphatic carbon signal taken at 285.0 eV.
The angle-resolved spectra were acquired using the special sample holder designed
by ULVAC-PHI for these measurements, and the calibration for the eucentric tilt
was carried out before each spectral acquisition so that the spectra were collected
on the samples by maintaining the analysis area always on the focal point of the x-
ray source and of the analyzer at all emission angles. The estimated experimental
accuracy of 10% is primarily a result of: signal-to-noise ratio, peak intensity,
accuracy of relative sensitivity factors, and correction for electron transmission
function. During the analysis, the residual pressure in the main chamber was
measured to be around 10~7 Pa. The spectra were processed using CASAXPS
software (version 2.3.15, Casa Software Ltd.).

Ab initio calculations. DFT calculations of PTO thin films, both without buffer
and on LSMO were carried out with VASP3¢ using the PBEsol3’ functional,
which gives a good metal/insulator band alignment at the interface, with the
Fermi level of the metal falling within the PTO gap?8. The alloying in LSMO was
simulated using the virtual crystal approximation3%-40. Core electrons were
replaced by projector augmented wave potentials*!, and the valence states were
expanded in plane waves with a cutoff energy of 500 eV. A Monkhorst-Pack grid
of 3 x3 x 1 k-points was used for all thin films with a surface area of 2x2 u. c.
A 14-layer-thick (1 x1) PTO (001) slab, consisting of 7 u. c. was found to be
sufficient to converge the surface energy. The in-plane and out-of-plane lattice
parameters were set to those of the STO substrate (a = 3.905 A) and the PTO
bulk value (c=4.11 A), respectively. In all cases, the atoms of the four bottom
layers of the PTO were fixed to the calculated bulk values, while the rest of the
system was allowed to relax.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon request.
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An exotic coexistence of polar states is known to occur in ferroelectric|dielectric PbTiO3|SrTiO3
(PTO|STO) heterostructures. In the PTO layers with a thickness of 10-20 unit cells, in-plane-
polarized regions order alongside the so-called vortex phase with a whirl-like arrangement of electric
dipoles. We investigate the optical signature of these polar phases non-invasively using optical
second harmonic generation (SHG) in PTO|STO-based heterostructures. We identify the phase
coexistence down to a single PTO|STO bilayer. By comparing the SHG yield in dependence of the
number of PTO|STO bilayers, we further find that interlayer coupling plays an important role in
setting the final polarization state. Our non-linear optical experiments demonstrate the potential of
this non-invasive approach for the identification and understanding of complex non-collinear ordering

of dipole moments in oxide heterostructures and set the ground for their operando investigation.

I. INTRODUCTION

Complex polar phases consisting of nanoscale arrays of electric dipole moments that exhibit continuous spatial
change of orientation were recently observed in ferroelectric|dielectric PTO|STO heterostructures [1-15]. In these
complex polar phases, local negative capacitance was measured, which is considered to be a powerful ingredient in new
transistor technology. Ferroelectric|dielectric heterostructures are thus becoming a promising platform for new oxide-
electronic applications [16-20]. Current investigations on the PTO|STO system involve scanning transmission electron
microscopy (STEM) in combination with x-ray diffraction (XRD) or piezoresponse force microscopy (PFM), which
both require a superlattice architecture in order to increase the sample volume so that signals become measurable.
However, the difficulty to identify non-collinear ordering of dipole moments non-invasively and in technologically
relevant single layers prevents a deeper understanding of the formation of complex phases in these and also their
integration into devices.

Here we show that SHG is an ideal tool for non-invasive access to the complex arrangement of dipole moments
in PTO|STO heterostructures. Our symmetry analysis of the SHG polarimetry in a PTO|STO superlattice and a
PTOI|STO bilayer reveals the presence of distinct SHG contributions from two polar phases. We specifically identify the

phase coexistence of a ferroelectric in-plane polarized multi-domain phase and a polar vortex-like phase. Furthermore,

* nives.strkalj@mat.ethz.ch



an oscillatory evolution of the SHG yield with the number of deposited PTO and STO constituent layers points to a
previously overlooked extended phase- and inverted domain-coupling effect between the PTO layers that attenuates
the net in-plane polarization. Ultimately, our non-invasive approach expedites the search for complex polar phases

and the study of their time-dependent operando response to electric fields.

II. RESULTS

A. Characterization of ordering of dipole moments in the PTO|STO superlattice
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FIG. 1. (a) STEM map of atomic positions in a PTO|STO (grey|black) superlattice on the SrRuO3s-buffered (110)-oriented

DyScO3 substrate (hatching). (b) Post-deposition STEM map of the dipole moments in the area outlined in white in (a),

respectively. The arrows show the direction (color wheel) and amplitude (arrow length) of the dipole moment.

We grew our (PTO12|STO12)sPTO12 superlattice on a StRuO3-buffered (110)-oriented orthorhombic DyScOj3 sub-
strate using pulsed laser deposition. Details of the growth are reported in Supplementary Section 1, and crystallo-
graphic directions henceforth refer to the pseudocubic axes of the DyScOj3 substrate. This particular type of PTO|STO
superlattice has been shown to host a phase coexistence of (i) a so-called a1 /ag-phase and (ii) a vortex phase [5, 9].
(i) In the a1/as-phase, domains with a polarization along [100] or [010], termed a;- and as-domains, respectively, ar-

range in alternating stripes. (ii) In the vortex phase, long-range ordered arrays of electric-dipole vortex structures [21]



extend in a tubular way along [100]. In addition to the vortex-like arrangement of dipole moments around the vortex
core, the resulting tubuli exhibit a net polarization along their central axis, in the [100] direction.

We first confirm the phase coexistence of the a;/as-phase and the vortex phase in our superlattice using a com-
bination of PFM (see Supplementary Fig. 2) and STEM. We specifically verify the presence of the vortex phase by
cross-sectional STEM imaging, see Fig. 1(a,b). We map the spatial distribution of the electric dipole moments within
the superlattice in the plane perpendicular to the tubular axes of the vortices. We find the expected signature of
the vortex phase, that is, a non-collinear arrangement of dipole moments into a circle around the vortex core with

alternating vorticity in neighboring whirls [3].

(a) (b)

-
7 °

%

FIG. 2. (a) Schematic of the SHG setup in the employed normal-incidence geometry. Crystallographic directions refer to the
pseudocubic axes of the DyScOg substrate. The incoming light propagates along [001] at 1.033 eV with a linear polarization set
to the angle a. The generated non-linear signal at 2.066 eV is analyzed in its polarization state using an analyzer fixed to the
angle = 0°. (b,c) Polar plots of SHG intensity (points) versus incident-light polarization angle a for a PTO|STO superlattice
with (b) g =0° and (c) f = 90°. Grey lines are theoretical fits of the one-phase model based on Eq. 3, and black lines are
theoretical fits of the two-phase model based on Eq. 6. Schematic of the multilayer is given in the inset top right. Grey denotes
PTO, black denotes STO, and hatching denotes the SrRuOgz-buffered DyScO3 substrate. The intensity scale is equal in (b)
and (c).

Let us now move on to the optical characterization of the polar phases in this PTO|STO superlattice by SHG.
SHG denotes frequency doubling of a light wave in a material, a process that in its leading order is permitted in
the absence of inversion symmetry. This makes SHG an efficient tool for the investigation of ferroelectricity, at
sample thicknesses down to a single unit cell [22-35]. SHG can only access the inversion-symmetry breaking in the
plane perpendicular to the wave vector of the propagating light. We can therefore selectively access the in-plane
polarization of our heterostructures by choosing a normal-incidence geometry [35, 36] as depicted in Fig. 2(a). We
use a spot size of 250 pm so that it averages across about a hundred regions in either the a; /as-phase or the vortex
phase, see Supplementary Fig. 2, and represents an appropriate statistical mix of coexisting phases. The polarization
of the incoming light is rotated by an angle a ranging from 0° to 360°, and the outgoing light is detected at a fixed
polarization, that is, f§ = 0° and § = 90° with respect to [100] in the SHG polarimetry in Fig. 2(b) and Fig. 2(c),
respectively.

We observe a pronounced SHG signal indicating a non-zero in-plane net polarization. Extracting the details of the



polar order in our superlattice from the SHG polarimetry data is difficult because of the coexistence of two different
polar phases. These phases are expected to have a different spectral dependence of the SHG-light. Furthermore,
the SHG responses of the a;/as-phase and the vortex phase interfere in an undetermined way. This complexity
manifests itself, for example, in the polarization angle of the incoming light at which we observe maximum SHG
yield, see Fig. 2(b,c). In contrast to simpler one-phase systems [29, 30, 36, 37], this direction does not coincide with
the direction of the spontaneous net polarization. To evaluate the polar configuration of our system from the SHG

polarimetry, it is therefore necessary to model the SHG response in greater detail than before.

B. Modelling of the SHG response of PTO|STO heterostructures

To model our polarimetry results, we consider the general expression for the leading-order SHG contribution
P (20) = o {3 Ej(@)Ex(0), (1)

where E(w) is the incoming light field, P(? (2w) is the nonlinear polarization induced in the material, and the tensor
1@ is linked to the point-group symmetry of the crystal. The indices i, j, and k refer to the crystallographic axes of

the local coordinate system of a unit cell.

The 4mm point-group symmetry describes both the a;/az-phase and the net axial polarization of the vortex phase
in tetragonal PTO. The unit cell is set by the local coordinate system x, y, and z, where z is the fourfold axis and also
the local direction of the spontaneous polarization. In the 4mm point-group symmetry, only the tensor components
Xoxx = Xzyys Xzzz a0d Yxzx = Xyzy can be non-zero [38]. We measure the angular dependence of the SHG intensity in
a global coordinate system of the substrate, as defined by the axes [100], [010] and [001] introduced in Fig. 2(a). We
relate the SHG contributions described in the local coordinate system of the unit cell to the global coordinate system

of the sample by projecting them along the directions given by the angles ¢ and f.

Previously, modelling of the SHG response was conducted only for heterostructures with a single ferroelectric
phase [29, 30, 36, 37]. In addition to the standard a;/as-phase, our sample hosts a vortex phase. We consider two
models to describe our SHG polarimetry results: (1) a one-phase model that considers only the SHG response of
the ai1/az-phase and (2) a two-phase model that considers the independent and interfering SHG responses of the
a1/as-phase and the vortex phase. We compare the fits of these two models in Fig. 2 and Fig. 3 to answer to what
extent: (a) the one-phase model can emulate the SHG response of phase coexistence, and (b) the two-phase model

can appropriately describe the SHG polarimetry measurements.

In our models, we consider only the SHG response of in-plane projections of local polarization because of the
normal-incidence geometry of our measurements. We further assume destructive interference of SHG responses of
oppositely oriented polarization within either phase because of the phase difference of 180°[39]. Because of the large
number of parameters the models were fitted to the SHG polarimetry results with a Monte-Carlo-based approach.

Specifically, we used a dual-annealing algorithm as implemented in SciPy’s optimization library [40].



1. One-phase model

In the one-phase model of the SHG response of the a;/as-phase, the SHG contributions for a local spontaneous
polarization along [100] and [010] have equal spectral dependence of the (® tensor components. We describe the
fractions of the regions with local polarization pointing towards [100], [100], [010] and [010] with parameters A*, A7,
A% and Aj, respectively. We express the relative fractions of SHG signals originating from the a;-domains as A;, and
from the as-domains as As:

_ aeA
(AT —A)) + (A} - AY)’

A3 -4y

Aq = - —,
(A7 - A]) + (A% - AY)

Ao

(2)
where A; + A3 = 1. The SHG intensity as a function of @ and f angles can then be expressed as:

I??(q, B) = A1 [—(xzxx cos® a + Xzzz sin? ) Sin f + 2 yxzx COS @ sin a cos ff] )
3
+Ao[~2)xzx COS @ sin o sin f + (Yaxx 5in? @ + yoz cos? @) cos B]|2.
Fits of Eq. 3 to data in Fig. 2(b,c) show that the one-phase model cannot satisfactorily describe the observed SHG po-

larimetry data of our PTO|STO superlattice even when considering a tensor y(? with real and imaginary components.

We move onto the two-phase model to test whether it can appropriately model the SHG polarimetry measurements.

2. Two-phase model

We next consider the two-phase model in which the SHG contributions of the two phases have different spectral
dependence denoted with components y;jr for the a;/as-phase and )(i’jk for the vortex phase. For the aj/as-phase,
we again describe the fractions of the regions with local polarization pointing towards [100], [100], [010] and [010]
with parameters A}, A7, A3 and A7, respectively. For the axial net polarization of the vortex phase, we describe the
respective fractions of the regions with local polarization pointing towards [100] and [100] with parameters V* and
V™, respectively. We express the relative fractions of SHG signals originating from the a;-domains as Aj, from the

as-domains as A, and from the vortex phase as V:

_ At — A7 Y AL — A5 . V- V-
(AT —AD+ (A A+ (Vi -V ) 2T (AT — A+ (A - A + (VI -V ) (AT A+ (A —Ay) + (VI —V)
(4)

where A1 + As +V = 1. This leads to the following expression for the SHG intensity in our polarimetry measurements:

Aq

I?*(q, B) = A1 [—(Yzxx cos® a + Xzzz sin? ) sin B+ 2 xxzx COs asin a cos f]
+V [~ (xlpy cOS% @ + )L, sin’ &) sin B+ 2., cos a sin a cos fB] (5)

+Ao[ =2 ¥xzx cOsasinasin f + (Yzxx sin® a + Xzzz cos? a) cos ff] |2.
Because the SHG contributions of the a;-domains and the net axial polarization of the vortex phase have an
equivalent angular dependence on a and f (Eq. 5), we need to consider these SHG contributions with a single set

of parameters. We therefore define the X parameters as Xjjx = Ay yije +V )(l.'jk. Equivalently for the as-domains, we

define Y parameters as Yijr = Aayijk, see Fig. 3(a,b). The final expression for the SHG intensity in our polarimetry



measurements (black lines in Fig. 2(b,c)) is then:

I??(a, B) = | = (Xzxx 08> &t + X, sin® @) sin f + 2X,..x cos a sin & cos ff ©)

—2Yyzx cosasinasin f+ (Yoxx sin? & + Y,,, cos® a) cos ﬂ)|2.

We see in Fig. 2 that the two-phase model indeed fully describes the results of our SHG polarimetry. The X and Y
values used in the fitting are listed in Fig. 3(c). We next test the spectral dependence of the SHG responses of the

a1/ az-phase and the vortex phase by scrutinizing the ratios of X and Y parameters:

Xije/Yijke = (A xije + V)(;jk)/AQXijk- (7)
If the two phases were associated with the same SHG spectral dependence, the ratio would be equal for any set of i,
js kt Xiji/Yije = (A1 + V) /As. However, we observe drastic differences in ratios X;ji/Y;jx in Fig. 3(c), showing that the
SHG reponses of the a;/as-phase and the vortex phase have different spectral dependences. This points to the very
different microscopy of the electronic transitions and interactions establishing the two phases.
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FIG. 3. (a) Schematic of the orientation of the net polarization for the aj-domains, the ag-domains and the vortex phase (V).
(b) Schematic of the relation of orientation of the local spontaneous polarization with respect to the crystallographic axes to
the parameters X and Y which are used to model the SHG response. A value of 1 is set for the maximum SHG yield of the
sample with respect to the choice of @ and f. (c) Values of X; ;. and Y;; parameters obtained from the fitting of Eq. 6 for the
PTO|STO superlattice and their ratio X;;x/Y; ;-

C. Observation of interlayer coupling in PTO|STO heterostructures

The PTO|STO superlattice architecture is commonly selected to increase the ferroelectric volume so that signals
become measurable, while assuming that the characteristic features of a single PTO|STO bilayer remain preserved.
Using the extreme sensitivity of the SHG polarimetry, we will verify to what extent the phase coexistence of the
a1/ ag-phase and the vortex phase in a single PTO12|STO12 bilayer is equivalent to that in the PTO|STO superlattice.
In contrast to previous works where detecting this phase coexistence in samples with a single PTO layer was restricted
to destructive methods [4, 9, 13], here we rely on a non-destructive method which allows operando investigation. The
results of SHG polarimetry on a PTO|STO bilayer are shown in Fig. 4(a,b) and are qualitatively similar to the results
of the SHG polarimetry of the superlattice. By modelling the SHG polarimetry for the bilayer following the procedure
described for Fig. 3, we again find that only the two-phase model appropriately describes the measured SHG data,



(c)
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FIG. 4. (a,b) Polar plots of SHG intensity (points) versus incident-light polarization angle a for a PTO|STO bilayer for (a)
S =0°and (b) f=90°. Grey lines are theoretical fits of the one-phase model based on Eq. 3, and black lines are theoretical fits
of the two-phase model based on Eq. 6. Schematic of the multilayer is given in the inset top right. Grey denotes PTO, black
denotes STO, and hatching denotes the SrRuOgz-buffered DyScO3 substrate. The intensity scale is equal in (a) and (b). (c)
Values of X;ji and Y;j; parameters obtained from the fitting of Eq. 6 for the PTO|STO bilayer and their ratio X; /Y-

see Fig. 4(c). This confirms the presence of the vortex phase in coexistence with the aj/as-phase even in a single
PTO|STO bilayer. Although it seems that, as expected, the supperlattice simply behaves as “many bilayers”, there

is one interesting detail where this multiplicative effect does not hold.

Surprisingly, see Fig. 5, despite identical laser-excitation parameters, the SHG yield of a PTO|STO bilayer is twice
the SHG yield of a (PTO|STO)g|PTO superlattice though the amount of ferroelectric material in the superlattice
exceeds that of the bilayer by a factor of nine. Such a striking dependence of the SHG yield with the volume of
ferroelectric material is in contradiction with the understanding that a superlattice architecture would increase the
measured signals. This is clearly not the case for SHG which is sensitive to the phases of the waves determined by the
polarization direction. The small SHG yield of the superlattice thus points to some form of quenching or compensation
between SHG waves originating in different PTO layers of the superlattice [39]. In order to verify this assumption, we
compare the SHG yield of PTO;2|STO;5 heterostructures with a different number of periods. Specifically, we integrate
the signal of the SHG polarimetry data for f = 0° for a single PTO layer, a PTO|STO bilayer, a PTO|STO|PTO
trilayer and a (PTO|STO)g|PTO superlattice, see Fig. 5(a).

The SHG yield of a reference single PTO layer with a predominant out-of-plane polarization and a small admixture
of in-plane domains [41, 42] is small in this in-plane-polarization-sensitive measurement configuration [35]. For a
PTOI|STO bilayer, we find that the formation of the a;/as-phase and the vortex phase results in a 10 times higher
SHG yield than in the case of a single layer. Surprisingly, when adding another PTO layer, the heterostructure yields
a 20 times lower SHG intensity than in the case of the bilayer. This points to extended phase- and inverted domain
configuration in neighboring PTO layers as sketched in Fig. 5(b). The spatial extension of the a; /as-phase and the
vortex phase in the neighboring layers is the same. The domain configuration in the respective phases in neighboring
layers is also the same, that is, domain-walls align vertically throughout layers [4, 13, 43-48]. However, the sign of
the local polarization is reversed from layer to layer. The destructive interference of SHG waves from the neighboring
PTO layers was verified in more than 10 samples to exclude a random domain configuration in neighboring layers

which would not consistently result in lower SHG yield of a trilayer than the bilayer.
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FIG. 5. (a) SHG intensity integrated with a for SHG polarimetry at f = 0° as in Fig. 2(b) and in Fig. 4(a) for a single PTO
layer, a PTO|STO bilayer, a PTO|STO|PTO trilayer and a (PTO|STO)g|PTO superlattice, see schematics. Grey denotes
PTO, black denotes STO, and hatching denotes the SrRuOgz-buffered DyScO3 substrate. The hatched area corresponds to
the background SHG intensity measured from the DyScOg3 substrate which is not SHG active in this measurement geometry.
The grey shaded area corresponds to the SHG level which exceeds the background level an order of magnitude. To ensure
quantitative comparability of the SHG yield of different samples, the SHG signal is normalized to a reference SHG signal in

each case. (b) Idealized sketch of opposite polarization direction in neighboring PTO layers.

To verify that the extended phase- and inverted domain-coupling effect is not a mere thickness effect, we reinvoke
that the SHG yield of the (PTO|STO)g|PTO superlattice is two times smaller than the SHG yield of a bilayer,
despite the ninefold amount of the ferroelectric material in the superlattice. We thus consolidate the model of
extended phase- and inverted domain-coupling effect also for (PTO|STO), heterostructures with a higher number
of periods, independent of n. Specifically, for an odd number of bilayers, a finite SHG signal is observed, while for
an even number of bilayers, a small SHG signal is observed. A superlattice is therefore a representative system for
studying the polarization configuration in a single bilayer because it shows the same phase and domain configuration
in each bilayer throughout the the heterostructure, except for the sign reversal in neighboring layers. Our non-
invasive approach unambiguously identifies this previously-overlooked domain ordering within the volume of PTO|STO

heterostructures.

III. CONCLUSION

To summarize, we have shown phase coexistence of the a; /az-phase and the vortex phase in PTO|STO superlattices
extending down to a single bilayer using a non-invasive optical approach. Drastic differences in the spectral depen-
dence between the two phases are revealed by modelling the SHG polarimetry results which point to the different
microscopy of these two phases in satisfying competing electrostatic and elastic energetics. Furthermore, we find an
extended phase- and inverted domain-coupling effect between the neighboring PTO layers. Specifically, a compen-
sating arrangement of local polarization directions occurs in neighboring PTO layers which results in an SHG yield

which is about constant, rather than increasing, in thickness - it is either finite for an odd number of bilayers or small



for an even number of bilayers. The superlattice not only hosts the same phase coexistence as a bilayer, but also the
same phase and domain configuration in each bilayer, except for the locally opposite polarization direction in neigh-
boring layers. We thus map an emergent arrangement of local polarization in three dimensions of ferroelectric-based
multilayers by probing the net polarization of the heterostructures. We expect that our approach could be used as a
complementary tool in identifying complex phases and their host systems, and operando monitoring of evolution of
complex ordering under electric fields for the investigation of the switching dynamics of technology-relevant complex

phases [16-20].
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I. DETAILS OF THE SAMPLE PREPARATION AND CHARACTERIZATION

Heterostructures were synthesized by pulsed-laser deposition on single-crystalline (110)-oriented DyScO3 (DSO)
substrate (Crystec GmbH) with a miscut of 0.1°, buffered by 4 nm-thick (001)-oriented SrtRuOj3 using a KrF (248
nm) excimer laser. After optimizing the growth conditions, the SRO layer was deposited at 700°C in an Oy pressure
of 0.1 mbar at a laser fluence of 0.9 Jem™2 and a repetition rate of 2 Hz. The PTO and STO layers were deposited at
550°C in an Og pressure of 0.12 mbar at a laser fluence of 1.14 Jem™2 and a repetition rate of 4 and 2 Hz, respectively.
Simultaneously, reflection high energy electron diffraction (RHEED) is performed to ensure the growth quality and
calibrate the ISHG yield to the film thickness with unit-cell (u. c¢.) accuracy, see Supplementary Fig. 1a,b. We note
that a Pb-enriched target (Pby2TiO3) was used to achieve the layer-by-layer growth mode for RHEED monitoring,
see Supplementary Fig. 1(a,b). The sample was cooled at 10 K/min in the oxygen growth atmosphere. The surface
topography is shown in Supplementary Fig. 1(c). As previously reported in the system [1], the phases are separated
in stripes with a width of about 200 nm along [010], and a length of about 2 um along [100], see Fig. 2(a,b).

[1] A. R. Damodaran, J. D. Clarkson, Z. Hong, H. Liu, A. K. Yadav, C. T. Nelson, S.-L. Hsu, M. R. McCarter, K.-D. Park,
V. Kravtsov, A. Farhan, Y. Dong, Z. Cai, H. Zhou, P. Aguado-Puente, P. Garcia-Fernandez, J. Ifiguez, J. Junquera,
A. Scholl, M. B. Raschke, L.-Q. Chen, D. D. Fong, R. Ramesh, L. W. Martin, A. R. Damodaran, J. D. Clarkson, Z. Hong,
H. Liu, A. K. Yadav, C. T. Nelson, S.-L.. Hsu, M. R. McCarter, K.-D. Park, V. Kravtsov, A. Farhan, Y. Dong, Z. Cai,
H. Zhou, P. Aguado-Puente, P. Garcia-Fernandez, J. Iniguez, J. Junquera, A. Scholl, M. B. Raschke, L.-Q. Chen, D. D.
Fong, R. Ramesh, and L. W. Martin, Phase coexistence and electric-field control of toroidal order in oxide superlattices,

Nat. Mater. 16, 1003 (2017).
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FIG. 2. (a) Image of the lateral PFM response. (b) Idealized sketch of the phase coexistence as oberved by PFM (top). In the
a1/ ag-phase, superdomains with a net polarization along [110] and [110] are observed because the individual a1- and ag-domains

have a lateral size below the resolution limit of the PFM method (bottom).
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We investigate in-plane ferroelectricity in an epitaxial ferroelectric|dielectric PbTiO3|SrTiO3 (PTO|STO) superlattice
under tensile strain. Using a combination of x-ray diffraction (XRD) and piezoresponse force microscopy (PFM), we
identify a strain-induced periodic in-plane nanoscale domain architecture with polarization along the base diagonals
of the PTO unit cell. We scrutinize its switching behavior using local in-plane trailing fields from the scanning-probe
tip. For an electric field pointing in the polarization direction of a specific domain state, we create stable single domain
areas of in-plane polarization at the scale of tens of micrometers. Our findings on controlling robust in-plane ferroelec-
tricity in ultrathin ferroelectric layers can help to develop device concepts unaffected by the detrimental effects of the

depolarizing field.

I. INTRODUCTION

The increasing energy demands drive the need for reduc-
ing the power consumption of electronic devices. Ferroelec-
tric thin films are a potential platform for energy-efficient
technologies because their functionality — polarization —
is controlled simply by electric fields. In particular, ferro-
electric thin films with in-plane-oriented polarization have
been identified as promising candidates for electronic, pho-
tonic and photovoltaic applications'~® because of the absence
of depolarizing-field effects in in-plane-polarized films. An
in-plane polarization in oxide films and superlattices can be
readily stabilized by chemical or epitaxial strain. However,
by design, in-plane ferroelectricity generally exhibits one or
more polarization axes and no preferential polarization direc-
tion along any axis which often leads to complex domain con-
figurations at the nanoscale’"">. Such complex configurations
are detrimental to the visualization and deterministic switch-
ing of in-plane polarization, a key requirement for reliable fer-
roelectric device performance.

So far, reports deal with the visualization and manipulation
of in-plane polarization in the thickness range of above 30
nanometers’-'%2%, Controlled manipulation of in-plane polar-
ization in the technologically relevant ultrathin regime, i. e.
below ten nanometers, has remained elusive because of the
difficulty to probe polarization in such a small amount of ma-
terial.

In this work, we stabilize in-plane polarization in the
PTO|STO superlattice under tensile strain. Through periodic
repetition of ultrathin layers, the PTO|STO superlattice pro-
vides sufficient volume of the ferroelectric material for inves-
tigation of the in-plane domain configuration using a combi-
nation of XRD and PFM?!-22, yet retains the characteristic
features of an ultrathin film. We identify the nanoscale do-
main architecture and observe its anisotropic switching be-
havior under the application of in-plane electric fields. Fi-
nally, we demonstrate deterministic creation of single-domain

®Electronic mail: nives.strkalj@mat.ethz.ch

regions at the scale of tens of micrometers. Our work thus
suggests an efficient route towards controlling polarization in
planar device geometries which is necessary for achieving ro-
bust oxide-electronic functionalities in the ultrathin regime.

Il. SUPERLATTICE DESIGN AND STRUCTURAL
CHARACTERIZATION

We grew our PTO|,|STO; superlattice by pulsed-laser de-
position on a single-crystalline (110)-oriented GdScO3 (GSO)
substrate (Crystec GmbH) buffered by 10 unit cells (u. c.) of
metallic (001)-oriented SrRuO3 (SRO). The GSO substrate
imposes tensile strain to the lattices of PTO and STO, thus fa-
voring an in-plane polarization?'?2. Details on the lattice mis-
match of the superlattice layers with the substrate are given in
Supplementary Table 1. The superlattice consists of four rep-
etitions of PTOISTO and an additional PTO layer on top. The
SRO buffer layer serves as the bottom electrode for the char-
acterization by scanning probe microscopy.

Both PTO and STO were deposited at 550°C at an O, pres-
sure of 0.12 mbar using a laser fluence of 1.14 Jem~2 and a
repetition rate of 4 and 2 Hz, respectively. The SRO was de-
posited at a substrate temperature of 700°C at an O, pressure
of 0.1 mbar using a laser fluence of 0.9 Jem~2 and a repetition
rate of 2 Hz. Real-time in-situ reflection high energy electron
diffraction (RHEED) was used to monitor the film thickness
with u. c. accuracy during the entire superlattice deposition
process. A Pb-enriched target (Pby ,TiO3) was used to achieve
the layer-by-layer growth mode for RHEED monitoring®3-24.
After deposition, the sample was cooled at 10 Kmin~! in the
oxygen growth atmosphere.

In contrast to previous work on “thick" single layers or su-
perlattices of PTO on GSO!'">>-28  we focus here on a super-
lattice architecture with ultrathin layers for two reasons. First,
ultrathin films are less likely to release the tensile strain im-
posed by the substrate and are thus expected to exhibit large
fully in-plane polarized domains?®. Second, in the case of
a superlattice with ultrathin layers, electrostriction at inter-
faces causes the domain walls to run perpendicular to the film
throughout the sequence of PTO|STO layers6-39-33, All fer-
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FIG. 1. (a) The x-ray intensity in a symmetric 6-26 scan around GSO (001) reflection for the PTO;,|STO, superlattice (SL) on an SRO-
buffered (110)-GSO substrate. (b,c) RSMs around (b) the GSO (103) reflection and (c) the GSO (001) reflection. Horizontal dashed black
lines indicate the positions of the superlattice reflections and vertical dashed black lines indicate the positions of the diffuse scattering. (d)
Schematic of the two possible domain configurations denoted as: aa;/aa;-phase (left) and a-phase (right).

roelectric layers of the superlattice thus host an identical do-
main configuration. The superlattice architecture yields an in-
creased ferroelectric volume enabling structural and ferroelec-
tric characterization, while keeping the characteristic features
of an individual ultrathin layer.

We begin our investigation with the analysis of the crys-
talline structure of our PTO|STO superlattice by x-ray diffrac-
tion using a dedicated four-circle thin film diffractometer. All
crystallographic directions used henceforth refer to the PTO
tetragonal lattice. All GSO reflections in XRD measurements
refer to the pseudocubic lattice. Thickness fringes in a sym-
metric 6-20 scan around the superlattice (001) central Bragg
reflection in Fig. 1(a) confirm the excellent crystallinity of
our films, the uniform thickness of individual layers and the
atomically-sharp interfaces within the superlattice.

Reciprocal space maps (RSMs) in Fig. 1(b,c) show that the
overall structure is coherently tensile-strained to the GSO sub-
strate because all layers have equal in-plane lattice param-
eters. Aside from the structural periodicity of the superlat-
tice observed along the [001] direction, the presence of diffuse
scattering along the [h00] direction at Q ~ 0.18 nm~" for the
(103) reflection in Fig.1(b) indicates an additional periodicity
of about 35 nm within the superlattice plane. The appearance
of such diffuse scattering is the result of a periodic stripe-like

arrangement of ferroelectric domains and domain walls in the
PTO layers®2>34. We note that the appearance of the diffuse
scattering at each superlattice peak is consistent with the sus-
pected vertical ordering of domain configuration in each PTO
layer of our superlattice?®30-32,

According to previous work on PTO|STO superlattices, the
domain walls can run along the principal tetragonal axes®3*,
(100, or diagonal to these®33, (1 10). In our superlattice, the
former is the case, as indicated by diffuse scattering along the
principal axis. We exclude any additional domain-wall orien-
tations or other origins of the observed diffuse scattering, see
Supplementary Fig. 1.

The direction of the spontaneous polarization is revealed
by the absence of diffuse scattering for the (001) reflection in
Fig. 1(c). Diffuse scattering for the 001 reflection would typi-
cally come along with the emergence of order with the sponta-
neous polarization out-of-plane®>. We conclude that the polar-
ization has to be oriented perpendicular to the [00]1] direction
i.e. must be fully in-plane.

In summary, we find that our PTO|STO superlattice is in-
plane polarized and forms stripe-domain configurations with
domains running along the principal axes.

Two possible domain configurations are consistent with the
RSM data. (i) In the so-called aa/aa,-phase, the polarization



is along the base diagonals of the PTO u. c. Domains with a
polarization along [110] are termed aa; domains and domains
with a polarization along [110] are termed aa, domains. The
domains arrange in stripes with alternating aa; and aa, do-
mains, see Fig. 1(d) (left), which is denoted as aa;/aa, domain
configuration. (ii) In the a-phase, the polarization is along the
base edges a of the PTO u. ¢c. Domains with a polarization
along [100] are termed a; domains and domains with a po-
larization along [010] are termed a, domains. The domains
arrange in stripes of a; or a; domains with alternatingly re-
versed polarization, see Fig. 1(d) (right). To further elucidate
the in-plane domain configuration, we now move on to the
direct visualization of the in-plane polarization using PFM.

I1l.  PIEZORESPONSE FORCE MICROSCOPY AND
ELECTRICAL POLING

PFM enables non-destructive high-resolution visualization
and localized control of ferroelectric nanoscale domains®®37.
For fully in-plane polarized ferroelectric materials, lateral
piezoresponse force microscopy (LPFM) detects torsion of
the cantilever as a result of in-plane polarization orthogonal to
the cantilever axis. Vertical piezoresponse force microscopy
(VPEM) detects buckling of the cantilever as a result of in-
plane polarization parallel to the cantilever axis. The PFM
contrast is recorded in Cartesian coordinates, following sub-
traction of background contributions caused by the experi-
mental setup as detailed in the Supplementary Section II.

Our measurements were performed on an NT-MDT Ntegra
Prima microscope with Pt-coated NSC35 tips (MikroMasch).
An alternating voltage of 1 V is applied between the tip and
the SRO bottom electrode. We verified that the PFM response
is not affected by the topography of the sample, see Supple-
mentary Fig. 2.

A. As-grown domain configuration

In-plane domains are resolved in the LPFM response of the
as-grown domain configuration, as shown in Fig. 2(a). The
domain size is at the resolution limit of the PFM technique?’.
The orientation of the domain walls is along the (100) di-
rections, in agreement with the domain architecture extracted
from the RSM in Fig. 1(b). The detailed analysis of the as-
grown domain configuration is given in Supplementary Fig. 3.

When scanning along the [110] direction of the aa,/aa;-
phase, the cantilever axis lies either orthogonal to the polar-
ization (two LPFM contrast levels) or along the polarization
(zero LPFM contrast level). In total, the aa/aa;-phase hence
yields three LPFM contrast levels for the [110] scanning di-
rection, see Fig. 2b. In contrast, when scanning along the
[110] direction of the a-phase, we expect only two LPFM
contrast levels. One LPFM contrast level is obtained for the
cantilever axis at either a 45° angle to the [100]-oriented po-
larization or a 135° angle to the [010]-oriented polarization.
Another LPFM contrast level is obtained for the opposite con-
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FIG. 2. (a) LPFM of a PTO,|STO;, superlattice on an SRO-
buffered (110)-oriented GSO substrate. The scale bar is 2 pm.
Sketches represent the tip and scanning orientation with respect to
the crystallographic axes. (b) Idealized sketch of the domain config-
uration with polarization directions of the aaj/aa;-phase indicated
on top and left sides.

figuration of the cantilever axis with respect to the other [010]-
oriented and [100]-oriented polarization states.

From the presence of three contrast levels in Fig. 2a and
Supplementary Fig. 3a, we conclude that the GSO tensile
strain stabilizes the aaj/aa, domain configuration in our su-
perlattice. This domain configuration has been predicted by
theory in tensile-strained films'>!338, However, its experi-
mental observation has so far been restricted to chemically
strained Ba; Sty TiO3 films®. Here, the combination of the
reduced PTO thickness in the superlattice architecture and of
tensile strain imposed by the substrate leads to an unprece-
dented stabilization of the aa;/aa; domain configuration in
the PTO|STO system. Most importantly, the presence of the
bottom electrode now provides the unprecedented opportunity
to investigate the local switching behavior of this domain con-
figuration.

B. Poling with in-plane electric fields along the (100) axes

We directly manipulate the in-plane polarization of
our superlattice by making use of the in-plane trailing
field”-17-203942 " The slow scanning axis defines the trailing-
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FIG. 3. (a) Sketches representing tip (gray), scanning trace (zigzag
line) with respect to the crystallographic axes and the resulting in-
plane electric trailing field Eyp. (b) LPFM and (c) VPFM images
resulting after the application of the in-plane electric trailing field to
the 2.5%2.5 um? area highlighted by the white dashed outline. Grey
triangles mark the polarization direction within the poled area.

field direction as sketched in Fig. 3(a). When poling an area,
the alternating voltage is turned off and only a DC voltage of
£10 V is applied between the tip and the SRO bottom elec-
trode.

We begin our investigation by applying the in-plane trailing
field in the [100] direction and mapping the resulting polar-
ization configuration. In the poled area, a uniform orientation
of polarization in the [100] direction is observed in LPFM,
see Fig. 3(b). However, a more complex polarization config-
uration is identified along the [010] direction in VPFM, see
Fig. 3(c). This reveals that the trailing field in the [100] direc-
tion leads to an expansion of domains with polarization in the
[110] direction (aa;) as well as the [110] direction (aas). The
direction of the trailing field can be reversed to [100] by either
reversing the voltage polarity or the scanning direction. In the
case of a reversed direction of the trailing field, we observe
an equivalent expansion of domains with polarization in the
[110] direction and domains with polarization in the [110] di-
rection, see Fig. 3 (lower panel). All VPFM signals are a result
of cantilever buckling caused by the in-plane polarization, and
is not a result of cantilever deflection caused by out-of-plane
polarization. This is confirmed by rotating the sample by 45°
after poling and measuring the LPFM and VPFM responses,
see Supplementary Fig. 4.

Because all domain states of the aa/aa; domain config-
uration possess a polarization projection along the [100] di-
rection, a trailing field along [100] always results in a multi-
domain structure. Starting from the four domain states of the
as-grown domain configuration, we show selective expansion
of two domain states. Let us now investigate a way to break
the degeneracy of the four in-plane polarization states in order
to stabilize single domains with a lateral extension of several
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FIG. 4. (a) Sketches representing tip (gray), scanning trace (zigzag
line) with respect to the crystallographic axes and the resulting in-
plane electric trailing field Erp. (b) LPFM and (c) VPFM images
resulting after the application of the in-plane electric trailing field to
the 5x5 um? area highlighted by the white dashed outline. Grey
triangles mark the polarization direction within the poled area.

micrometers in our ultrathin PTO layers.

C. Poling with in-plane electric fields along the (110) axes

We set the in-plane trailing field in the direction of polar-
ization of one of the possible in-plane polarized states, here
choosing the aa; variant with a polarization in the [110] direc-
tion. We pole and map the sample as described in the previous
subsection. In the poled area, a uniform orientation of in-plane
polarization in the [110] direction is observed, see Fig. 4(b).
Here, no transversal response is detected, see Fig. 4(c). This
points to the presence of a single in-plane domain comprising
the entire poled area. The data shown in the bottom row of
Fig. 4 for the case of a trailing field applied in the [110] direc-
tion show a single in-plane domain with the polarization in the
[110] direction. This evidences a high degree of control over
the spontaneous polarization. Strikingly, no changes to the
poled single-domain region were observed over a 90-day time
period at ambient conditions. Experiments on larger areas re-
vealed that a single domain could be achieved up to regions of
hundreds of um?, see Supplementary Fig. 5. Such stability of
a single-domain state of tens of micrometers shows the robust-
ness of an in-plane ferroelectric domain configuration against
the influence of the depolarizing field”*>#*. To the best of our
knowledge, such control of in-plane polarization towards ro-
bust and large single-domain regions was not achieved before.
Our observation should therefore stimulate the discussion on
the hitherto unrecognized parameters determining the equilib-
rium phase and domain size in ultrathin films*>4°,



IV. CONCLUSION

To conclude, we engineer an in-plane-polarized aa;/aa; do-
main configuration in our PTO|STO superlattices. By reduc-
ing the layer thickness, while at the same time making use of
the superlattice architecture, we increase the volume for XRD
and PFM characterization, yet keep the characteristics of an
ultrathin film. We further manipulate this domain configu-
ration using in-plane electric trailing fields of the scanning-
probe tip. By favoring the polarization direction of a specific
domain state of the aa|/aa, domain configuration, we deter-
ministically create robust in-plane polarized domains with a
lateral expansion at the scale of tens of micrometers. This
level of control is a step forward in the design of devices based
on in-plane polarized thin films where depolarizing fields have
no effect! 6.

V. SUPPLEMENTARY MATERIAL

See supplementary material for additional superlattice
structural parameters and characterization by XRD. Supple-
mentary material further includes topography and VPFM of
the as-grown domain structure. Lastly, we append PFM re-
sults along the (110) axes after electrical poling along the
(100) axes and the PFM results along the (110) axes after
electrical poling along the (110) axes for lateral extensions of
10 pm and 20 pwm.
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Glossary

AFM atomic force microscopy

BF bright field

BFO bismuth ferrite

BTO barium titanate

DFT density functional theory

DSO dysprosium scandate

ED electric dipole

GSO gadolinium scandate

HAADF high-angle annular dark field
ISHG in-situ second harmonic generation
LSMO lanthanum-strontium manganate
PFM piezoresponse force microscopy
PLD pulsed laser deposition

PTO lead titanate

RHEED reflection high-energy electron diffraction
RSM reciprocal space mapping

SPM scanning probe microscopy
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SRO strontium ruthanate

STO strontium titanate

STEM scanning transmission electron microscopy
THz-TDS terahertz time-domain spectrocopy
XPS x-ray photoelectron spectroscopy

XRD x-ray diffraction
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