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Abstract

Abstract

Resistive random-access memory (RRAM), one of the next-generation non-volatile memory technologies,
offers scalability, enhanced performance, and lower power consumption compared to traditional memories,
making it a promising solution for future memory architectures. In this work, we study different types of
polycrystalline RMnOs (R =Y, Er) thin films-based RRAM devices.

This research starts with the synthesis and characterization of polycrystalline YMnO; and ErMnQs; thin
films with mixed hexagonal and orthorhombic phases. Films are prepared with radio frequency sputtering
at room temperature and post-deposition annealing. The orthorhombic phase cannot always be
discriminated by X-ray diffraction, as there is an overlap with the peaks of the hexagonal phase and its low
volume fraction and the nano-sized grains lead to undetectable peaks. Employing a set of correlative
spectroscopy and microscopy techniques, we develop a method to unambiguously identify the presence of
the orthorhombic phase, locate it, and quantify it.

Subsequently, we investigate different types of memristive devices using polycrystalline thin films with the
presence of both hexagonal and orthorhombic phases.

First, electrochemical metallization (ECM) memristive devices based on YMnOs3 with Al active electrode
are studied. These devices exhibit bipolar resistive switching with high Rore/Ron ratios (~ 10%), low
Set/Reset voltages (Vse: ~ 1.7 V and Vgeset ~ -0.36 V), and good retention. The resistive switching mechanism
is ascribed to the formation and rupture of an Al filament along oxygen-deficient boundaries between
hexagonal and orthorhombic phases. These localized nanochannels for AI** migration effectively remove

the randomness of the Al filament formation in the electrolyte.

Second, we investigate bipolar resistive switching in P/ErMnOs/Ti/Au devices. They exhibit high Rore/Ron
ratios (~ 10°) and ultra-low resistances (~ 10 Q) in the low resistance state (Ron). The resistive switching is
the result of the formation and rupture of an oxygen-vacancy-based conductive filament, which likely
occurs either in the orthorhombic phase or at the boundary between the two polymorphs. An increased
fraction of the orthorhombic phase strongly reduces the operating voltage in devices (down to Vse ~ -2.07 V)
and the variability of Vset. The presence of hexagonal phase prevents large leakage currents in the devices,

which otherwise would not show switching behavior.

Finally, we present the first demonstration of electroforming-free threshold switching devices with ErMnOs.
Pt/ErMnOs/Pt devices exhibit repeatable unipolar threshold switching with a memory window of 0.7 V,
characterized by a S-shape current-controlled negative differential resistance (NDR). The devices show a
high endurance up to 10* sweeps. We successfully model the threshold switching using Joule-heating-

enhanced 3D Poole-Frenkel conduction mechanism. The conducting orthorhombic phase plays a key role



Abstract

in enabling the self-heating mechanism while the hexagonal phase prevents too large electrical and thermal
conductivities. Adjusting the conductivity of o-ErMnOs and engineering the two crystalline phase fractions
are key knobs for tuning the threshold switching characteristics. The oscillatory behavior of the NDR
devices is demonstrated. This new type of NDR devices based on two polymorphs with different electronic
and thermal properties present advantages for tunability of the memory window compared to known NDR
devices such as those based on an insulator-to-metal transition (e.g. VO,) or based on the formation of a
filament (e.g. NbOy).

In all studied devices, the coexistence of the hexagonal and orthorhombic phases of RMnOs (R =Y, Er)
provides unique functionalities. The possibility to engineer these two phases both in conductivity and
content through synthesis, provide original routes to design new memristive devices and optimize their

properties.



Zusammenfassung

Zusammenfassung

Resistiver Direktzugriffsspeicher (RRAM), eine der nichtfllichtigen Speichertechnologien der nachsten
Generation, bietet Skalierbarkeit, verbesserte Leistung und geringeren Stromverbrauch im Vergleich zu
herkdmmlichen Speichern, was ihn zu einer vielversprechenden Lodsung fur zukinftige
Speicherarchitekturen macht. In dieser Abhandlung untersuchen wir verschiedene Arten von

polykristallinen RMnOs3 (R =Y, Er) Dunnschichten-basierten RRAM-Bauteilen.

Diese Studie beginnt mit der Synthese und Charakterisierung von polykristallinen YMnOs- und ErMnOs-
Dinnschichten mit gemischten hexagonalen und orthorhombischen Phasen. Die Schichten werden durch
Hochfrequenzsputtern bei Raumtemperatur mit anschlieBendem Gliihen hergestellt. Die orthorhombische
Phase kann durch Réntgenbeugung nicht immer eindeutig von anderen Phasen unterschieden werden, da
es einen Uberlapp mit den Peaks der hexagonalen Phase gibt und ihr geringer Volumenanteil und die
nanogrofRen Kérner zu nicht nachweisbaren Peaks filhren. Mit Hilfe einer Reihe korrelativer Spektroskopie-
und Mikroskopietechniken entwickeln wir eine Methode, um die orthorhombische Phase eindeutig zu

identifizieren, zu lokalisieren und zu quantifizieren.

AnschlieRend untersuchen wir verschiedene Arten von memristiven Bauelementen unter Verwendung von

polykristallinen Dlnnschichten, die sowohl hexagonale als auch orthorhombische Phasen aufweisen.

Zunéchst werden elektrochemisch metallisierte (ECM) memristive Bauelemente auf der Basis von YMnO;
mit aktiver Al-Elektrode untersucht. Diese Bauelemente zeigen bipolare Widerstandsschaltung mit hohen
Rorr/Ron -Verhaltnissen (~ 10%), niedrigen Set/Reset-Spannungen (Vset ~ 1.7 V und Vgeset ~ -0.36 V) und
guter Retention. Der Widerstandsschaltmechanismus wird auf die Bildung und den Bruch eines Al-
Filaments entlang sauerstoffarmer Grenzen zwischen hexagonalen und orthorhombischen Phasen
zurlickgefuhrt. Diese lokalisierten Nanokandle fiir die Al**-Migration beseitigen wirksam die Zufalligkeit

der Al-Filamentbildung im Elektrolyten.

Zweitens untersuchen wir die bipolare Widerstandsschaltung in Pt/ErMnOs/Ti/Au-Bauelementen. Sie
weisen hohe Rore/Ron -Verhaltnisse (~ 10°) und extrem niedrige Widerstande (~ 10 ) im niederohmigen
Zustand (Ron) auf. Die Widerstandsschaltung ist das Ergebnis der Bildung und des Bruchs eines leitféhigen
Filaments auf der Basis von Sauerstoff-Fehlstellen, das wahrscheinlich entweder in der orthorhombischen
Phase oder an der Grenze zwischen den beiden Polymorphen auftritt. Ein erhohter Anteil der
orthorhombischen Phase verringert die Betriebsspannung in den Geréten (bis zu Vset ~ -2.07 V) und die
Variabilitat von Vs stark. Das Vorhandensein der hexagonalen Phase verhindert groRRe Leckstrome in den

Bauelementen, die sonst keinem Schaltverhalten zeigen wiirden.

Schlielich présentieren wir erstmalig elektroformungsfreie Schwellenwert-Schaltvorrichtungen mit

ErMnOs. Pt/ErMnOs/Pt-Bauelemente zeigen wiederholbare unipolare Schwellenwertschaltungen mit

3



Zusammenfassung

einem Speicherfenster von 0.7 V, das durch einen S-férmigen stromgesteuerten negativen
Differenzialwiderstand (NDR) gekennzeichnet ist. Die Bauelemente weisen eine hohe Ausdauer von bis zu
10* Durchléaufen auf. Wir modellieren die Schwellenwertumschaltung erfolgreich mit einem durch Joule-
Waérme verstarkten 3D-Poole-Frenkel-Leitungsmechanismus. Die leitende orthorhombische Phase spielt
eine Schlisselrolle bei der Ermdglichung des Selbsterwdrmungsmechanismus, wahrend die hexagonale
Phase zu groRe elektrische und thermische Leitfahigkeiten verhindert. Die Einstellung der Leitfahigkeit
von 0-ErMnO; und die Entwicklung der beiden kristallinen Phasenanteile sind wichtige Stellschrauben fur
die Abstimmung der Schwellenwerteigenschaften. Das oszillierende Verhalten der NDR-Bauelemente wird
demonstriert. Diese neue Art von NDR-Bauelementen, die auf zwei Polymorphen mit unterschiedlichen
elektronischen und thermischen Eigenschaften basieren, bietet Vorteile fir die Abstimmbarkeit des
Speicherfensters im Vergleich zu bekannten NDR-Bauelementen, die auf einem Isolator-Metall-Ubergang
(z. B. VO,) oder auf der Bildung eines Filaments (z. B. NbOy) basieren.

In allen untersuchten Bauelementen bietet die Koexistenz der hexagonalen und orthorhombischen Phasen
von RMnOs; (R =Y, Er) einzigartige Funktionalitdten. Die Mdglichkeit, diese beiden Phasen durch
Synthese sowohl in ihrer Leitfahigkeit als auch in ihrem Gehalt zu veréndern, bietet originelle Wege, um

neue memristive Bauelemente zu entwickeln und ihre Eigenschaften zu optimieren.
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Introduction

In the era of big data, rapid advancement of information technology and breakthroughs in fields such as the
Internet-of-Things (loT), deep learning, edge computing, cloud computing, and autonomous vehicles
demand higher computational power while simultaneously aiming for energy efficiency.™ ? However, in
traditional computing systems, like the von Neumann architecture, the separation of processing and memory
units lead to significant time and energy costs when transferring large data between them.(* 4 This
inefficiency poses particular challenges in data-centric applications such as artificial intelligence, where

rapid access to large amounts of data is crucial.

To address the von Neumann bottleneck, neuromorphic computing systems aim at emulating the brain’s
structure, function and energy efficiency in hardware. These systems integrate processing and memory units,
mimicking the parallel, distributed, and event-driven nature of neural networks. By doing so, neuromorphic
systems aim to enhance computational efficiency and performance, especially for tasks requiring extensive
data handling.

Key components of neuromorphic computing include artificial synapses and spiking neurons. Synapses
transmit signals (electrical events) from one neuron to another one. The strength of the connection between
two neurons is the synaptic weight. Emerging memories like resistive random-access memory (RRAM),>
I which exhibit a resistive switching phenomenon and can be programmed in an analog fashion, hold
promise as artificial synapses.!® ° Neurons transmit electrical signals along their axon and communicate
with other neurons. Most neurons communicate primarily through spikes (or action potentials). Traditional
artificial neuron circuits, which use transistors and capacitors, are limited by complex configurations and
integration density. To improve area efficiency, emerging devices such as volatile threshold switching
devices, a type of RRAM, are proposed to build spiking neurons. These devices can undergo abrupt changes
in current or voltage in response to input signals, generating spike responses to emulate the firing of

neurons.!*0-12

Hexagonal RMnO; (where R represents rare earths) compounds are multiferroic ternary oxides, which are
ferroelectric at room temperature. The combination of resistive switching properties and multiferroicity in
RMnOs could introduce new functionalities for device applications. For instance, integrating resistive
switching with ferroelectricity could enable multilevel analog resistive switching for neuromorphic
applications.[** 14 Additionally, H. Schmidt et al. proposed that topological vortex states in the hexagonal
phase could couple with different resistance states.*> "] In their interpretation, the nanosized ferroelectric
vortices not only serve as the conducting path responsible for transitioning to the low resistance state (LRS)
but also function as inductors due to their winding structures. Hence, they suggested that the

reconfigurability between capacitive and inductive states could be achieved.
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Building on this concept, the research project “Erforschung rekonfigurierbarer, passiver
Mikroelektronikbauelemente fiir Energieeffizienz und Flexibilitat” (ERMI), funded by BMBF under the
ForMikro program, aimed to use RMnOs (R =Y, Er) thin films with reconfigurability between capacitive
and inductive states, to develop energy-efficient voltage transformers for local power supply.[**2°1 My
doctoral work has been funded and performed within this project. In this context, | explored not only L-C
but also R-C reconfigurability.

Few groups have explored non-volatile resistive switching performances in hexagonal polycrystalline
YMnO; thin films,[” 22251 and none have addressed the potential presence and role of the orthorhombic
phase, although the metastable YMnO3 phase forms easily together with the hexagonal one in thin films,
since strain acts as “high pressure”. The hexagonal and orthorhombic phases exhibit distinct electronic
properties. Incorporating conductive orthorhombic RMnO; into a hexagonal RMnO; matrix has the
potential to allow tuning of the device conductivity and of the resistive switching properties (ON/OFF ratio,
operation voltage...). Additionally, boundaries between the two crystalline phases may be privileged

locations for filament nucleation or diffusion paths.

In this thesis, we investigate non-volatile and volatile resistive switching in mixed hexagonal/orthorhombic
YMnO; and ErMnOs; polycrystalline thin films. It involves developing methods for identifying and
guantifying mixed crystalline phases, understanding the resistive switching mechanisms at play with
different electrodes, and optimizing the device properties (via processing conditions, film thickness,
crystalline phase fractions, and conductivity engineering of the two polymorphs). Through these efforts,
the thesis aims to advance the fundamental understanding of resistive switching in these compounds and
demonstrate an original approach to design devices by leveraging the properties of polymorphs of the same

compound.
The dissertation is structured in six chapters.

Chapter 1 provides an overview of the scientific background essential for understanding the material

properties and resistive switching phenomena observed in rare earth manganite (RMnQ3) thin films.
Chapter 2 introduces the experimental methodology and characterization techniques employed in this work.

In Chapter 3, we explore capacitive and inductive behaviors in manganite thin films using two-terminal

devices.

In Chapter 4, we investigate the electrochemical metallization resistive switching and its origin in
Pt/YMnO3z/Al memristive devices with polycrystalline YMnOs films containing a mixture of 0o-YMnO3 and
h-YMnQO; phases.
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In Chapter 5, we study the bipolar resistive switching behavior in valence change memory
PY/ErMnOs/Ti/Au devices and explore the impact of the hexagonal and orthorhombic phases and their

relative content on the resistive switching.

In Chapter 6, we demonstrate, for the first time, electroforming-free threshold switching behavior in
Pt/ErMnOs/Pt devices, taking advantage of the mixture of hexagonal and orthorhombic phases. We propose
a physical model of threshold switching to address the underlying physical mechanism and investigate the
roles of hexagonal and orthorhombic phases on triggering the threshold switching.

Finally, we summarize the results and provide an outlook on resistive switching in RMnOzs-based devices.
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Chapter 1: Scientific background

This chapter provides an overview of the scientific background essential for understanding and
investigating the material properties and resistive switching phenomena observed in rare earth manganite
(RMnO:s) thin films. We introduce multiferroic materials in Section 1.1. In Section 1.2, we present RMnO3
compounds, including their multiferroic properties (ferroelectricity in particular), and conduction
mechanisms. We report the synthesis methods employed for RMnOs thin film growth. In Section 1.3, we
introduce emergent memory devices. In Section 1.4, we provide a detailed explanation of the principles and
mechanisms underlying resistive switching, along with a brief review of studies on resistive switching

behavior in RMnOs. Finally, we present the objectives of this work in Section 1.5.

1.1 Multiferroic materials

Multiferroic materials represent a class of materials that exhibit more than one primary ferroic order
simultaneously. The term multiferroic was introduced by Hans Schmid in 1993.%¢1 There are four types of
primary ferroic orders: ferroelectricity (spontaneous polarization P induced by an electric field E),
ferromagnetism (spontaneous magnetization M induced by a magnetic field H), ferroelasticity (strain
induced by a stress a), and ferrotorodicity (spontaneous toroidal moment T induced by a toroidal field G),

as seen in Figure 1.1a.2" %

The presence of multiple ferroic orders within the same phase is of particular interest if there is a coupling
between them, such as the magnetoelectric effect (Figure 1.1b). This effect arises from the coupling between
electric and magnetic properties, for instance, changing the magnetization by an electric field or modifying
the electric polarization with a magnetic field.!?®! If magnetism can be efficiently manipulated by an electric
field rather than a magnetic field, it potentially reduces the energy consumption by several orders of
magnitude. Moreover, while the applied magnetic field remains the same, the applied electric field scales
with the dimension of the objects, emphasizing the versatility of the magnetoelectric effect.% As a result,

the magnetoelectric effect has attracted significant attention.%2

D. Khomskii proposed two types of multiferroics (type | and type 11).E1 Type Il multiferroics are
magnetism-driven, as ferroelectricity arises from magnetic ordering, whereas all others lacking a magnetic

origin are categorized as type I.
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(@) Ferromagnetism Ferroelasticity (b) P
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Magnetization Strain I Es
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Ferroelectricity = Ferrotorodicity
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Figure 1.1: (a) A schematic of four primary symmetry-based ferroic orders. This figure is adapted from ref.[% 34 (b)

Schematic illustrating different types of coupling present in materials. This figure is from ref.[*4

Now let us discuss ferroelectrics. They exhibit a spontaneous electric polarization that can be reversed
under an external electric field (Figure 1.2a).*°! The first documented observation of ferroelectricity
occurred in Rochelle salt (KNaC;H40s+4H20) in 1920 by Joseph Valasek.*®! However, it was not until two
decades later that ferroelectricity gained significant attention with its discovery in materials such as BaTiOs;
and PbTiO3.E71 Since then, the study of ferroelectricity has continued to evolve, with ongoing advancements
in understanding its fundamental properties and applications. !

(a)
Dielectric

Piezoelectric

| Ferroelectric |

\

Figure 1.2: (a) Polarization P vs electric field E (P-E) hysteresis loop displayed in ferroelectric materials. This figure

is from ref.[*% (b) The relationship between the ferroelectric, pyroelectric, piezoelectric and dielectric properties.

All ferroelectrics are pyroelectric (polarization induced by a change in temperature), piezoelectric

(polarization induced by a stress), and dielectric, as illustrated in Figure 1.2b.

Ferroelectric phase transition (ferroelectric to paraelectric phase) occurs at the Curie temperature (Tc).
Within a ferroelectric material, there exist regions with uniform polarization named as ferroelectric
domains.%! The boundaries separating these domains are referred to as domain walls. By applying an
electric field, the polarizations all align along the field (single domain) through the movement of domain

walls. The polarization can be reversed by applying an electric field of opposite direction.** This process
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Chapter 1: Scientific background

of polarization reversal under an electric field is represented by a hysteresis curve, as shown in Figure 1.2a.
As the electric field increases, the domains align in the positive direction, eventually reaching its saturated
value (Ps). When the external field is removed, some domains retain alignment in the positive direction,
referring to a remanent polarization of the ferroelectric material (Pr). When a negative electric field is
applied, the ferroelectric material undergoes polarization switching at the coercive field (-Ec). Subsequently,
the polarization direction flips further with increasing negative electric field. Hence, variables such as
coercive field (Ec), remanent polarization (P;) and saturated polarization (Ps) are crucial factors for the
potential applications of ferroelectric materials.

1.2 Introduction to rare earth manganites

Rare earth manganites (RMnQs), first discovered in the early 1960s, represent one of the most investigated
multiferroic compounds today.””) RMnOs crystallize at room temperature in an orthorhombic or in a
hexagonal structure (0-RMnQs, h-RMnOs), depending on the ionic size of rare earth elements, as depicted
in Figure 1.3a. According to the tolerance factor defined by Goldschmidt (see Equation 1.1),*) RMnOs
with large rare earth elements (R = La-Dy) crystalize in an orthorhombic perovskite-type structure with
space group Pnma (Figure 1.4a). RMnOs with small rare earth elements (R = Y-Lu) adopt the layered
hexagonal phase with space group P6scm (Figure 1.4b).12 43

ra4+7o

= m Equatlon 1.1

where t is tolerance factor, ry, 1, 1, are the ionic radii of the A-site cation, B-site cation and oxygen anion,
respectively.

(b)

[a]
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Figure 1.3: (a) Tolerance factor and stable crystal structure as a function of ionic size of rare earth in RMnOs. This
graphic is reproduced from ref.*l (b) Free energy of RMnO3 formation from R,03 and Mn,Oj3 at 900 °C and ambient
pressure, which is calculated with oxygen dissociation pressure data.[*] We have highlighted the two compounds

studied in this work with red stars. This graphic is reproduced from ref.[*"!
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Figure 1.4: Crystal structure of RMnOs in (2) orthorhombic phase and (b) hexagonal phase, respectively. These figures
are generated by CrystalMaker.

The Goldschmidt tolerance factor indicates the stability and distortion of perovskite crystal structures,™!!
establishing the boundary between hexagonal and orthorhombic phases. Additionally, we can consider the
phases from a thermodynamic point of view, as demonstrated by A. A. Bosak et al.**> “6I They reported the
Gibbs free energy of RMnO; formation from R.Os; and Mn,Os at 900 °C and ambient pressure (Figure
1.3b).[“- 481 1t aligns well with the results based on the Goldschmidt tolerance factor. The thermodynamically
stable phase of RMnO3 with smaller rare earth elements (R = Y-Lu) is the hexagonal phase. They also
discussed that the metastable orthorhombic phase can be stabilized if the difference between the Gibbs
energies of these two polymorphs is below 10-15 kJ mol.“*! Therefore, orthorhombic RMnOs (R = Y-Lu)
can be stabilized under certain conditions, such as high-pressure synthesis,*’-5? soft chemistry synthesis(>*-
land as thin films, through epitaxial strain.¢°% Vice versa, the hexagonal RMnOs (R = Dy, Gd, Eu, Sm)
can be stabilized by epitaxial strain using a ZrO, (Y,03) substrate.[*> 46. 60l

YMnOs; and ErMnOs, the two manganites to be studied in this work, are situated close to the stability
boundary (marked as red stars in Figure 1.3). In other words, their Gibbs free energies of RMnOs formation
are similar for the hexagonal and orthorhombic phases. One can therefore expect that the metastable
orthorhombic phase may form.

1.2.1 Hexagonal RMnO3

Hexagonal RMnOs; compounds are type-I multiferroics which are ferroelectrics at room temperature. Their

ferroelectricity is induced by a geometrically driven mechanism.[!l The ferroelectricity is called improper

14
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ferroelectricity, as the polarization is not the primary order parameter.’®? In h-RMnQ3, corner-shared MnOs
polyhedra alternate with layers of rare earth R®* ions (Figure 1.4b). Above the Curie temperature Tc, the
hexagonal phase is in a centrosymmetric paraelectric phase (Figure 1.5a). Below Tc, the MnOs polyhedra
start to buckle and tilt, inducing the trimerization of Mn** ions, while R** ions shift up and down (up-down-
down pattern), as illustrated in Figure 1.5b. This imbalanced shift of R%* results in a non-centrosymmetric
structure with spontaneous polarization along the c-axis. Table 1.1 lists Curie temperatures and polarization

values of h-RMnQOs; single crystals.

H Centrosymmetric m Ferroelectric
® ®
® 2.85 -

|
285 !

|
2.85 v
|
|
|
|
|
|
I
1
I
|
I
|

G3)294 2.04 ® , :
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3 1y |ew
@) ® lﬁr o0

Figure 1.5: Schematic of a MnOs polyhedron with Y layers in (a) the centrosymmetric and (b) the ferroelectric
structures. The bond lengths (A) are indicated by the numbers, and the arrows depict atomic displacements relative to

the centrosymmetric structure. These figures are from ref.[64

Table 1.1: Curie temperatures (Tc) and polarization (from experiments and theoretical calculations) for hexagonal

RMnOssingle crystals. The low polarization values of TmMnO3s and LuMnOs are due to the leakage current.

Compound YMnO3 HoMnOs ErMnOs TmMnO3 YbMnOs LuMnO;
Tc (K) 920163 8730%4 83364l 6211651 993[¢3l 7501681
Pexp. (LC cm2) 5.5067] 5.6167] 5.6067) 0.1065 5.6(67] 0.096(66!
Piheory. (LC cm2) 6.216¢] 8.016¢] 8.116% 8.316% - 8.5
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Furthermore, h-RMnQ;3 exhibit an intriguing polarization domain structure. The domains assemble in a
“cloverleaf-like” pattern, where six domains merge at one line (vortex line) (Figure 1.6). Three types of
antiphase domains (+ a, = B, + v) arise from different trimerization, indicated by different tilting angles.[’”
Here, + refers to the polarization direction, either pointing up (+) or down (-). As sketched in Figure 1.6a, b,
six domains can grow in a sequence of [a*, 7, y*, a~, BT,y ~] or in the reversed order, forming vortex
or anti-Vortex structures. The distribution of vortices is shown in three dimensions (3D) in Figure 1.6¢."
External stimuli such as electric fields,** pressure,[’l and thermal annealing (temperature, cooling rate)[®

"I can change the density of vortices.

(a) Vortex (b) Anti-vortex

Figure 1.6: Schematics of six domains showing (a) a vortex [ a™, =, y*, a~, B*, y~] structure, (b) an anti-vortex
[at, B~ vt a, B,y ]structure, and (c) the distribution of the vortex in three dimensions. Yellow and blue regions
refer to upward and downward polarization domains, respectively. The red dotted line indicates the vortex line. This

figure is from ref.l’

Choi et al. first reported conductive atomic force microscopy (c-AFM) of the six-domain patterns,
indicating different conductance of domains and domain walls."” Recently, both charged and neutral
domain walls have caught great attention,[’>"* due to their wide range of functional electric properties.
Piezoresponse force microscopy (PFM), showing domains with in-plane polarization (Figure 1.7a), together
with the c-AFM study (Figure 1.7b), could provide information on positively charged head-to-head domain
walls, negatively charged tail-to-tail domain walls, and neutral 180 ° domain walls. However, scientific and
technological advantages of domain walls are limited in single crystals by the difficulty of measuring and
accessing individual domain walls, as well as low scalability for integrating devices towards potential
applications.

To the best of our knowledge, there is only one report of “cloverleaf-like” domains in thin films.% In this
report, the polarization pattern was investigated in epitaxial hexagonal YMnOs thin films, which exhibits a
domain size of ~ 20 nm (see Figure 1.7¢).% Additionally, there are no reports on polarization hysteresis
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loop measurements at room temperature for thin films, due to the presence of large leakage currents in the

metal/p-type RMnOs/metal stacks. Such measurements can be carried out at low temperatures.

Figure 1.7: (a) Piezoresponse force microscopy (PFM) and (b) conductive atomic force microscopy (c-AFM) of (110)-
oriented ErMnOjs single crystal. Both figures are from ref.[8 (c) The dark-field transmission electron microscopy
(TEM) image of an epitaxial YMnOs film in the [001] zone axis. The inset shows the enlarged single vortex domain

structure. This figure is from ref.5

1.2.2 Orthorhombic RMnQO3

Orthorhombic RMnO; compounds are type-1l multiferroics and their ferroelectricity is induced by a
mechanism known as symmetric-exchange striction.®> &l This process involves the gain of magnetic
exchange energy, which minimizes the total nearest-neighbor exchange energy through local ferromagnetic
double-exchange interactions. Consequently, changes occur in the bond angles of Mn-O-Mn bonds between
different phases, as illustrated in Figure 1.8. At 50 K, there exists one type of Mn-O-Mn bond with a specific
angle, whereas at 21 K in the ferroelectric phase, two inequivalent Mn-O-Mn bonds emerge, leading to
alternating bond structures along the b-axis. This alteration in bond structure corresponds to changes in the
spin arrangement of Mn ions (ferromagnetic or antiferromagnetic), which in turn influence the Mn-O-Mn
bond angles. The resulting atomic displacements of Mn and oxygen ions, particularly along the a-axis,
contribute to the development of ferroelectric polarization.

However, achieving ferroelectricity typically requires temperatures below 40 K for bulk materials and
100 K for thin films, which is not suitable for practical applications. Additionally, their electric
polarization (P) is relatively small (P < 0.5 uC/cm?),1®-881 compared to that observed in hexagonal RMnO;
(P ~ 5 uC/cm?, Table 1.1).
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(a)

Ass Aub

(c)
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143.96(5)

 02)
\-@43.78(12)

Mn 3.9067(6)}1“(’;.\; Mn

Figure 1.8: Schematics of the ferroelectric atomic displacements projected onto (a) the ab plane and (b) the ac plane
in the ferroelectric E-type phase. Dotted and solid arrows indicate the directions and the relative atomic displacements
of Mn and O, respectively. For clarity, the displacements of O ions are magnified. A unit cell is indicated by a broken
line. (c) Changes in the Mn-O-Mn bond angles and the distance between the neighboring Mn ions in the ab plane. In
the ferroelectric phase (21 K), the E-type spin configuration is represented by large arrows. Here we assumed the
ferromagnetic (antiferromagnetic) spin arrangement for Mn-O-Mn bond with larger (smaller) bond angles. These

figures are from ref.[8

1.2.3 Electrical conductivity in RMnOs

As YMnO3 and ErMnO; are p-type semiconductors,® &8 we provide a brief overview of the electronic
conduction mechanisms involved in semiconductor thin films sandwiched by two metals. These

mechanisms can be categorized as interface- and bulk-limited conductions.
The ideal barrier height between a p-type semiconductor and a metal can be described by the equation:
P =Eg+x— dnm Equation 1.2

where E represents the band gap energy, x is the electron affinity of semiconductor, and ¢,, is the metal work

function.
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Two types of contacts can form at the semiconductor and metal interface: ohmic (when E; + y < @g), or
Schottky contacts (when E; + x > @), as illustrated in Figure 1.9. The electronic conduction is governed

by the bulk-limited conduction for ohmic contacts and dominated by interface-limited conduction for

Schottky contacts.

(a) Ohmic contact (b) Schottky contact

2 e |
metal p-type 1 metal p-type

Figure 1.9: Band diagram showing formation of metal/p-type semiconductor as (a) Ohmic contact and (b) Schottky

contact. These figures are adapted from ref. [l

One typical interface-limited mechanism is Schottky or thermionic emission, wherein thermally activated
electrons can overcome the energy barrier and be injected into the conduction band of the semiconductor.[*"!

This model allows us to express the current’s dependence on applied voltage as:

1\ _ qyq/4med _ @ .
In (—) == VvV e Equation 1.3

T2

where [ is the current, V is the external applied voltage, ¢ is the Schottky barrier height, ; is the permittivity of the

switching layer, k is the Boltzmann’s constant, T is the absolute temperature, and d is the Schottky distance.

There are other types of bulk-limited conduction mechanisms such as Poole-Frenkel, hopping, space-
charge-limited conductions. Here, we describe the Poole-Frenkel model in detail. It involves thermally
activated charge carriers being emitted from traps into the valence band of the p-type semiconductor.[*"!

This phenomenon can be mathematically described as:

I Vq/medi ¢ ]
In (V) - q—qk? VW - qk—TT + In (quN,) Equation 1.4

where ¢ is the trap energy barrier height, di is the dielectric distance, i, and N, are mobility and density of carriers,

respectively.
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Both hexagonal and orthorhombic YMnO; and ErMnQOs are p-type semiconductors. The hexagonal phase
has a band gap of ~1.5 — 1.6 V"8 and the orthorhombic form has a band gap lower than that of the
hexagonal phase.%

Bulk conductivity can be effectively modified by doping with different types and concentrations of
impurities (donors and acceptors), which alters the charge density and potential trap barrier within the
semiconductor.®Y In both the hexagonal and orthorhombic phases, R and Mn are typically trivalent in their
ideal configuration. While R remains in its stable 3+ configuration, Mn can adopt other oxidation states
(Mn2* and Mn**) through the introduction of donors or acceptors, as illustrated in Figure 1.10.1% %I

The electronic structure of Mn®* is represented by [Ar]3d* configuration. In the undoped case, the Mn 3d*
bands exhibit differences between the two phases due to their distinct crystal structures. In the hexagonal
phase, a Mn®*" ion surrounded by five oxygen ions in a MnOs polyhedron configuration undergoes crystal
field splitting of d electronic orbitals into three sets.®> ®*I Conversely, in the orthorhombic phase, a Mn**
ion with six oxygen ions in an octahedron configuration experiences a different splitting of d bands
attributed to the Jahn-Teller effect.[** !

(a) Undoped (b) Hole doped (c) Electron doped
Hexagonal

Mn:fl+ Mn";+ an:

(3d") 72 (3d°) 72 (3d”) 72

(d)
Orthorhombic

Mn3+
(3a%)

xz—yZ_'_ — XY xz—y2+ +xy

xz == —— 5z

(e)

Mn’1-+
(3d3)

xz == —— vz

(f)

S
T et e

Figure 1.10: Illustration of the Mn d bands in undoped and doped (a-c) hexagonal RMnO3; (polyhedron) and (d-f)
orthorhombic RMnOg; (octahedron). The Jahn-Teller effect occurs in undoped octahedron. Figure (a) is adapted from

ref.*?l and figure (b) is adapted from ref.[*]

Hole and electron introduction into the Mn sites can be described by Equations 1.5 and 1.6, respectively.
In the hexagonal phase, hole doping induces a transition from d* to d* by creating a hole in the dyz_y2ldy,,
bands, and electron doping leads to a transition from d* to d° by introducing an electron into d,- band
(Figure 1.10b, c).® For the case of orthorhombic phase, after holes and electrons are introduced, the Jahn-

Teller distortion no longer exists, resulting in no splitting of the d bands (Figure 1.10e, f).[% %
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Mnyy, + b — Mny, Equation 1.5
Mny, + e’ — Mny, Equation 1.6

where Mnj,, Mny,,, and Mny,,, refer to Mn®" (neutral), Mn*" (p-type doped, positive) and Mn?* (n-type doped,

negative) on Mn lattice sites, respectively.

The conductance properties of RMnOs can be effectively modified by substituting the A-site (rare earth
elements) with other elements such as Ca?* (p-type doping) and Zr** (n-type doping),** °¢! or by substituting
the B-site (Mn) with other elements such as Cu?* (p-type doping) and Ti** (n-type doping).l°" %!

In this study, our primary focus is on oxygen doping to modify the oxygen content in RMnQO3, as described
by the following equations. The oxygen content is significantly influenced by the atmospheres, whether
oxygen-excess or -deficient, during the growth and annealing process.[**1%l Excessive levels of oxygen
can lead to the formation of secondary oxidized phases.[** 1% Despite that oxygen doping offers less
precise control compared to element doping, it enables flexible tuning of the electrical conductance after
synthesis.

%02 (9) + 2Mnyy, — 2Mny, + O/’ Equation 1.7

0% + 2Mniy, — 2Mnjy, + V5 +30,(9) Equation 1.8

where 0;', 0 and V;; refer to oxygen interstitials (p-type doped), oxygen ions (neutral) and oxygen vacancies (n-type

doped), respectively.

Now, we consider the oxygen defects in both crystalline phases. Prior research indicates that 0-RMnOs is
easily produced and stabilized in oxygen-rich environments, while reducing conditions favor the hexagonal

structure (with oxygen vacancies).®*!
For the oxygen-deficient case, both hexagonal and orthorhombic structures have the formula RMnO5_g.

Let us consider now the oxygen-rich case. It has been extensively studied in the perovskite LaMnOs,
formulated as LaMnOs, 5. The perovskite structure cannot accommodate excess oxygen in interstitial sites.
The nonstoichiometry § is instead accommodated by cation vacancies, as has been shown by several studies
on the defect chemistry of that material either by thermogravimetric analysis measurements™%-1%l or
diffraction experiments.' ' Accordingly, the composition of LaMnOs,s is better expressed as

La,_,Mn,_, 05 with cation vacancies.!*% 1]

Hence, in the close-packed perovskite structure of 0-RMnOs, the excess oxygen is accommodated via cation

(R, Mn) vacancies (R;_,Mn;_,03). This excess oxygen can enhance the perovskite’s geometric stability
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(larger tolerance factor) by reducing the ionic radius of Mn ions through the oxidation of Mn3* to Mn** (see
Equation 1.7).[12 123 This aligns well with the density functional theory (DFT) based calculations by P. K.
Todd et al.,**“ who evaluated the thermodynamic stability of Y;_, Mn,_, 03 polymorphs (Figure 1.11).
According to their findings, the defect-free hexagonal phase is thermodynamically stable at all temperatures
(T <1400 K), while the orthorhombic phase is predicted to be stable when the cation defect concentration
exceeds 2.2% at T = 0 K, decreasing further with temperature. This observation is supported by significantly
lower cation vacancy formation energies in the orthorhombic phase (compared to the hexagonal phase) as
reported by Bergum et al.**?l Since cation vacancies are linked to an increased oxidation state of Mn, Mn**

paired with cation vacancies is expected to be present in the orthorhombic phase.

In cases where cation vacancies in R;_,Mn;_, 03 are not in equal proportions, more complex scenarios

can arise. For instance, this situation may involve Mn** along with oxygen vacancies to compensate for
more deficient R on the A-site.[!*]

1400
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Figure 1.11: DFT-calculated phase diagram of cation-deficient YMnOs polymorphs with respect to temperatures and
the concentration of cation (Y, Mn) vacancies, x, in Y;_,Mn;_,05. Note that all structures are initialized with

antiferromagnetic orderings, and the Fermi energy of electrons is fixed at Ez = 1.0 eV. The figure is from ref.[!14

The defect mechanisms between the two crystalline structures differ significantly. Hexagonal RMnOs:s
accommodates excess oxygen through oxygen interstitials paired with Mn*, as the layered hexagonal
structure is ~11% less dense than the orthorhombic structure.™¢ Additionally, the degree of excess oxygen
accommodation varies between the phases,™’l with the orthorhombic phase potentially able to
accommodate a higher degree of excess oxygen, leading to a higher amount of Mn**. The number of defects

is heavily influenced by the synthesis process.
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One of the most commonly reported conduction mechanisms in 0-RMnOs is small polaron hopping
conduction.[**8-1201 This process involves hopping between Mn**/Mn** states (p-type doped), as illustrated
in Figure 1.12. Specifically, an electron with higher energy in Mn3* transitions into the empty eq-orbital of
Mn**, along with double hopping conduction, where electron transitions on an O 2p-orbital connecting
Mn3®* and Mn* 1221 Electron hopping between Mn?*/Mn?* states (n-type doped) is less commonly observed,
primarily due to the longer bond length between Mn ions resulting from the larger size of Mn?*, which
increases the hopping energy.*??!

Furthermore, Poole-Frenkel conduction has been reported in both hexagonal®” 2% 14l and orthorhombic
RMnOs.1%! These behaviors may originate from small polaron hopping.*2: 127]

hopping double-hopping

hopping

S double-hopping

Figure 1.12: Mn®—-Mn** hopping and Mn®*—O-Mn** double hopping conduction model. This figure is from ref.[?4

1.2.4 Literature review on synthesis of RMnQOs thin films

One of the pioneering studies on hexagonal RMnQ; thin film growth was conducted by N. Fujimura et al.
in 1996, who proposed such thin films as potential candidates for non-volatile memory devices.*?! They
achieved epitaxial h-YMnO; films on MgO (111) and ZnO (0001)/sapphire (0001), as well as
polycrystalline h-YMnOs films on Pt (111)/MgO (111) substrates using radio frequency (RF) magnetron
sputtering at substrate temperatures ranging from 700 to 800 °C.[*?l P, A, Salvador et al. reported the
successful growth of epitaxial 0-YMnQj thin films on SrTiO; (001) and NdGaOs3 (101) substrates via pulsed
laser deposition (PLD). They proposed that this metastable orthorhombic phase can be stabilized using
epitaxial strain,™ providing an alternative route to obtain the metastable phase without the need for high
pressures and temperatures typically associated with traditional bulk synthesis techniques.*’-5% %354 Shortly
23



Chapter 1: Scientific background

after, J. P. Sénateur and C. Dubourdieu in collaboration with A. Kaul and O. Gorbenko demonstrated the
growth of several normally non-stable phases by epitaxial phase stabilization.[“> 4657, 60. 129-132] HoMnQs,
YMnOs, TmMnOs and LuMnOs, which normally crystallize in a hexagonal structure, were stabilized in the
perovskite orthorhombic phase using LaAlOs substrate.>”! Conversely, DyMnQOsz, GdMnOs, EuMnOs and
SmMnOs, which normally crystallize in an orthorhombic perovskite phase, were stabilized in the hexagonal
form using ZrO, (Y203) substrate.*5: 46 €01

RMnOs (R =, Er) thin films have been grown on various substrates including Si (111),1***12¢1 Sj (100),[**"
1391 Sj/Y ,05,1140-1431 ZrO, (Y,03) substrate, 5 %669 Al,Oz (0001)/Pt (111), 80 140. 142, 144, 1451 Gj/Sj0,/ TiO,/Pt, [144]
Si/SiO/Ti/Pt.[22 1361461501 Deposition techniques employed include sol-gel process, 34 137 140, 144, 147, 150, 151]
molecular beam epitaxy (MBE),[**?l atomic layer deposition (ALD),*5? 1531 metal-organic chemical vapor
depOSition (MOCVD)’[45, 46, 149, 154, 57, 60, 129-132, 136, 143] RF Sputtel’ing,[67* 128, 138, 139, 141] and PLD.[17' 21, 143, 145, 148,
155-157, 22-25, 56, 80, 133, 135] Among these techniques, PLD stands out as the most commonly used method at the
moment, both for high-quality epitaxial h-RMnOs thin film growth for exploring multiferroic property %
145 1551 and for polycrystalline RMnOs thin film growth for device applications (later shown in
Section 1.4.4).07:21-25.1%6. 1571 |n this study, we use RF sputtering with post-deposition annealing to prepare
polycrystalline RMnO3; (YMnOs; and ErMnQ3) thin films on Pt-coated Si substrates.

1.3 Emergent memory devices

As the demand for memory storage and computing technology continues to escalate, navigating the
complexities of future memory technologies has emerged as a significant challenge.!***-1¢1 Figure 1.13
illustrates key milestones in the history of non-volatile memory.!***! It began with Dr. Masuoka's invention
of NAND flash in 1984,621 which Toshiba commercialized in 1989.1¢" Subsequent advancements included
the introduction of multilevel cell NAND in 2001, followed by the development of 3D NAND by
Toshiba in 200714 and Samsung's 3D NAND in 2012. By 2010, embedded memories had progressed to
the 28-nm node, revealing limitations with traditional concepts.**! In 2015, Intel and Micron introduced
3D XPoint Technology based on phase change memory, which bridged the performance gap between

dynamic random access memory (DRAM) and Flash, revolutionizing system memory architectures. 6!

Today, emergent memory technologies such as resistive random-access memory (RRAM), magnetic
random-access memory (MRAM), phase-change memory (PCM) and ferroelectric random-access memory
(FRAM), attract attention for next-generation memory architectures. These technologies offer not only
scalability and enhanced performance, but also lower power consumption compared to the traditional
memory solutions, making them promising candidates for addressing the evolving demands of future

memory technologies.!*¢"!
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Figure 1.13: Main milestones in the history of non-volatile memories. This figure is from ref,[61]

1.4 Resistive switching devices
1.4.1 Neuromorphic applications

In traditional von Neumann computing systems, separate processing and memory units lead to significant
costs in time and energy when moving large data between them (as shown in Figure 1.14a). 4 This
inefficiency poses challenges, especially for highly data-centric applications like artificial intelligence,
where rapid access to large amounts of data is crucial. To overcome the von-Neumann bottleneck,
neuromorphic computing systems offer a promising solution by emulating the structure and function of
biological nervous systems in hardware. These systems integrate processing and memory units together,

mirroring the parallel, distributed, and event-driven nature of the brain’s neural networks (Figure 1.14b).

(@)~ Conventional computing N (b Neuromorphic computing )
I | 1] I 15| I | ] [ Neuron | | Syna‘pse | Neuron Synapse [
CPU Memory:
. + f—t——1— L J | | |
B U S . — Communication ‘ = Communication 1
L i N
Neuron Synapse Neuron Synapse
Von Neumann “Bottleneck”‘ Communication - - Communication - -
N p U _

Figure 1.14: Comparison between (a) conventional computing and (b) neuromorphic computing. The figures are from

ref.[166]
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This concept is inspired by the remarkable efficiency of the human brain, which has approximately 10
neurons, each forming around 10* connections to other neurons, resulting in a huge network of
approximately 10%° synaptic nodes.!**”) Neurons comprise three main components: the soma, dendrites, and
an axon (Figure 1.15a). The soma collects signals from dendrites and transmits them to other neurons via
an axon, enabling rapid and accurate signal transmission within the nervous system. Synapses act as nano-
gaps between neurons, linking the axon terminal of one neuron to the dendrite of another (Figure 1.15b).
Signals passing through synapses are integrated in the soma to generate action potentials, determining the
outputs to the post-synaptic neuron. The strength of this connection, referred to as synaptic weight, depends
on ion concentrations and governs the interaction between neurons.*”! Through the modulation of ions and
the release of neurotransmitters, synaptic weight regulates neural network behavior. This connectivity

enables the brain to function as an efficient information-processing system.

In the context of neuromorphic computing, plasticity refers to the capability of artificial synapses to adjust
their properties (such as synaptic weight) in an adaptable manner, similar to biological synapses. Emerging
memories such as RRAM devices exhibit a resistive switching phenomenon and can be programmed in an
analog fashion, making them suitable as plastic synaptic devices.> "1 The adjustment of resistance levels in
RRAM devices closely resembles the modulation of synaptic weight in biological systems, which
efficiently store and process information. By dynamically altering their resistance levels in response to input
stimulus, RRAM devices emulate plasticity in biological synapses, enabling the implementation of learning

and memory functions within hardware.

Volatile threshold switching devices also hold promise in mimicking the spiking neuron behavior in
computational models, such as the leaky integrate-and-fire model.'**?21 When equipped with additional
capacitors and resistors, these devices can undergo abrupt changes in current or voltage in response to input
signals, resulting in self-sustained oscillations. This characteristic effectively generates spike responses,
which emulates the firing of neurons.!*°*?1 One significant advantage of these neuron circuits is that they
do not require inductors, leading to low power consumption and enhanced scalability. This feature is vital
for the development of large-scale neuromorphic systems, enabling efficient implementation of complex

neural networks in hardware.

Artificial neuron networks have been developed to mimic the function of biological nervous system. The
simple neural networks consist of input, hidden and output layers of neurons connected by artificial
synapses (Figure 1.15c, d).[l Synaptic devices like RRAM, arranged in a crossbar structure (Figure 1.15e),
enable the construction of these networks for neuromorphic computing.®® ° This architecture allows for
efficient, parallel processing of information, mimicking the highly interconnected nature of the human brain

and offering significant potential for advancements in machine learning and artificial intelligence.
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Figure 1.15: Schematics of (a) a biological neuron, (b) a synapse, (c) an artificial neural network, (d) a three-layer

neural network for handwritten digit recognition, (€) a crossbar structure. The figures are from ref.[’]

1.4.2 Classification of resistive switching behavior

The RRAM memory cell features a capacitor-like structure, with insulating or semiconducting materials
sandwiched between two metal electrodes (Figure 1.16).5% 1681 |t exhibits resistive switching phenomena,
wherein the resistance of the memory cell changes in response to an applied electrical stimulus (voltage or
current). This property enables the storage of information based on distinct resistance states. Figure 1.16a
illustrates a hysteresis current-voltage (I-V) curve of a resistive switching device. The device can be
switched (write) between high resistance state (HRS) and low resistance state (LRS), which can be
interpreted as a switch between logical “0” and “1”. These logical states can be subsequently read at a small
voltage. Multistate resistive switching refers to a phenomenon when the resistances of memory cells can be
altered to multiple discrete levels, rather than being confined to binary “0” and “1” states. This enhances
storage densities and space efficiency in memory devices. Moreover, the ability to achieve multistate
resistive switching is the key for these devices to mimic synapses in neuromorphic computing, facilitating

the emulation of synaptic plasticity.

By implementing the crossbar array configuration (Figure 1.16b), where RRAM cells can be integrated at
the intersections of perpendicular nanowires (word lines and bit lines), we can achieve the smallest

theoretical size of 4F2 (cell size under the word line and bit line) and maximize area efficiency.*%%
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Figure 1.16: (a) Sketch of a resistive switching device and its hysteresis 1-V curve. The figure is adapted from ref.[168
1707 (o) Sketch of the structure of crossbar arrays and its circuit diagram. WL and BL refer to word line and bit line,

respectively. The figure is from ref.[16%

Resistive switching behaviors can be classified into unipolar and bipolar, based on I-V characteristics, as
shown in Figure 1.17a, b."Y In unipolar switching, the Set process — switching from the high resistance
state (HRS, OFF state) to low resistance state (LRS, ON state), and the Reset process — switching from LRS
to HRS, occur while applying the same polarity. In bipolar resistive switching, the Set and Reset processes
take place depending on the polarity of the applied voltage. For both types of resistive switching behaviors,
a compliance current of the control system (source) is applied, or a series resistor is added during the Set

process, to avoid device hard breakdown.

Additionally, resistive switching can also be categorized into abrupt switching (Figure 1.17a, b), analogue
switching (Figure 1.17c), and threshold switching (Figure 1.17d), based on their Set and Reset transitions.
Both abrupt switching and analogue switching are non-volatile switching; the difference between them is
characterized by either a discontinuous or continuous change when the applied voltage is ramped during

the Set and Reset processes. The threshold switching is a volatile switching (Figure 1.17d).
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Figure 1.17: Different |-V characteristics in resistive switches. In figures the red solid lines show the high resistance
state (HRS) and the green solid lines show the low resistance state (LRS). The red dotted lines refer to the Set process
— transition from HRS to LRS and the green dotted lines refer to the Reset process — transition from LRS to HRS.
Compliance current lcomp is applied during the set process to avoid device hard break down. (a) Abrupt unipolar
switching, (b) abrupt bipolar switching, (c) analogue switching, (d) threshold switching (Vrn refers to threshold

voltage and Vwoiq refers to holding voltage). Note that threshold switching is volatile switching. Figures (a) and (b) are
from ref.!7! Figure (c) is from ref.[*7?]

1.4.3 Physical mechanisms of resistive switching

In addition to classification based on the I-V characteristics, physical mechanisms can also be used to
categorize resistive switching devices (Figure 1.18). Phase change, magnetic effect, or ferroelectric effect-

based resistive switching are normally separated from the term “RRAM?”, and they will not be discussed.
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Figure 1.18: Possible physical mechanisms of resistive switching behaviors. The mechanisms marked in green are
summarized under RRAM. Other mechanisms are classified as phase change, magnetic and ferroelectric effects-based

memories. The figure is from ref.[!?]

Besides all the possible physical mechanisms involved in RRAM devices (marked in green in Figure 1.18),
the types of conducting path can be used to categorize the resistive switching.™**% One type of conducting
path can be a localized filament. The switching behavior originates from the formation and rupture of one
or several conductive filament(s), as illustrated in Figure 1.19a. Filamentary-type resistive switching is
associated with abrupt switching. Studies have shown that filamentary conducting paths form easily in grain
boundaries when the active material is polycrystalline.l!”*’¢] The other type of conducting path is an
interface, where the switching happens over the entire device area. This switching mechanism is often
related to analogue and bipolar switching.

In this work, we will investigate electrochemical metallization (ECM) switching in Chapter 4, valence
change memory (VCM) switching in Chapter 5, and threshold switching in Chapter 6. We will now explain

the detailed mechanisms underlying these switching processes.
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Figure 1.19: Proposed models for resistive switching under RRAM based on (a) a filamentary conducting path, or (b)

an interface-type conducting path. The figures are from ref.[15%
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1.4.3.1 Electrochemical metallization memory (ECM) switching

Electrochemical metallization memory (ECM), also known as conductive bridge RAM, relies on the
formation and dissolution of a metallic filament (electrochemical dissolution and deposition of an active
electrode metal).[*’7-1"®I The basic operation and the corresponding I-V characteristic are illustrated in Figure
1.20. The device consists of an active electrode metal such as Agl8®8l or Cu,lt858 3
semiconductor/insulator solid state electrolyte such as SiO,[*8* 187-1%21 or Ge chalcogenides!'®? 8%l and an

inert electrode such as W,[180. 185 187] g pt [181, 186]

The device in its pristine state exhibits high resistance (Figure 1.20a). During the Set process, a positive
bias is applied to the active electrode (Ag in this case) until it reaches the threshold voltage (V). This
process involves several steps: anodic oxidation and dissolution of the active electrode (Equation 1.9,
Figure 1.20b), drift of metal cations towards the inert electrode under the electric field (Figure 1.20c), and
reduction and electro-crystallization of metal on the surface of the inert electrode to form a metal filament
(Figure 1.20d). Once the metal filament bridges the two electrodes (or when the gap is small enough to
allow tunneling), the device switches from HRS to LRS. The Reset process takes place when an opposite
polarity is applied, causing the electrochemical dissolution of the metal filament and the switching of the
device back to HRS (Figure 1.20e).

M — M™ +ne~ Equation 1.9

where M™*is metal cation.

Current (uA)

- !
2 0 0.2 04 0.6
Voltage (V)

] EE

Figure 1.20: Electrochemical metallization switching (ECM). Schematic of the switching mechanism and an I-V

characteristic for a typical ECM based switching cycle. The figure is from ref.[17]
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ECM devices offer high scalability as the ON-state current is area independent. The current is determined
by the size of the filament, which is at the nanometer scale. This promotes devices scaling down to footprints
of 15 nm!**®l and potentially atomic level in crosshar cells.'**! Additionally, ECM devices hold the
advantages of fast operation (~20 ns),[*®®l low power consumption, and easy fabrication.*’® Voltage
operation as low as 250 mV has been shown.®?l Quantized conductance has been shown in this type of
devices, hence, offering the potential of multilevel resistance states. 187 1921

1.4.3.2 Valence change memory (VCM) switching

Valence change memory (VCM) device typically consists of transition metal oxides with point defects as
the active layer sandwiched by two metal electrodes. The origin of this switching is attributed to the
migration of anions, typically oxygen ions related defects such as oxygen vacancies, leading to a subsequent
valence change of the metals in metal oxides.™® %I There are fundamentally two different switching types
based on the VCM mechanism: filamentary- or interface-type. Here, we focus on the filamentary-type

mechanism.

In the filamentary-type VCM cell with asymmetric inert electrodes, proposed by R. Waser et al., the oxide
layer exhibits different potential barriers with different electrodes which result in Schottky or ohmic
contacts.* 2971 The basic operation and the corresponding I-V characteristic are illustrated in Figure 1.21.
During the Set process, a negative voltage is applied to the electrode A with the larger barrier potential at
the interface. This leads to the occurrence of oxygen evolution reaction, generating oxygen vacancies (see
Equation 1.10). The electric field drives the oxygen vacancies through the metal oxide towards the anode
(electrode A, Figure 1.21B). The oxygen vacancy migration results in the formation of an oxygen vacancy-
based nanoscale filament bridging both electrodes, causing the device to switch from HRS to LRS. During
the Reset process, a positive bias is applied to electrode A. This positive voltage repels the oxygen vacancies
away from electrode A, leading to local reoxidation (Figure 1.21C). Subsequently, the device turns back to
HRS (Figure 1.21D).

0% < 50,(g) + V5 + 2’ Equation 1.10

To enable VCM switching, creating an asymmetry in the device structure is crucial. This can be achieved
through various methods. Asymmetric inert electrodes can be used to create an oxygen gradient by forming
different oxide/electrodes interfaces (Figure 1.21). A reactive electrode can be used, which will be oxidized
at the interface with the oxide, and will act as an oxygen exchange layer at the interface. 1%°1 Additionally,
changing the stoichiometry of the oxide during the deposition or post-deposition treatments can also create

an oxygen gradient within the device.[?®> 2011 Note that the forming voltages in VCM cells can be modulated
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by tuning the oxygen vacancy concentration in the pristine devices.?® 2% This control over forming

voltages provides flexibility in device optimization and performance tuning.

Filamentary-type VCM devices exhibit high scalability, multilevel switching capability> (by controlling
the operation voltage®! and compliance current!?°® 24) "and high switching speed (~100 ps reported in
Ta,0s%%)),
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Figure 1.21: Valence change memory (VCM) switching. Schematic of the switching mechanism and an I-V

characteristic for a typical valence change switching cycle. This figure is from ref.[1%7]

1.4.3.3 Threshold switching

Threshold switching is a type of volatile switching, which can be divided into three groups based on the
active material: chalcogenide glasses, known as ovonic threshold switches (OTS) (Figure 1.22a),%! fast-
diffusing metal ions such as Cu and Ag (Figure 1.22b),?1 and metal oxides such as NbOy, 2% 2141 VO, 2]
TiO2,29 Ta0,, 2 PrMnO3. 24!

We will concentrate on the mechanisms involved in metal oxides-based threshold switching. Some metal
oxide threshold switches exhibit an S-type negative differential resistance (NDR) region, which can be
stabilized with current-controlled sweeps, as shown in Figure 1.23b (the voltage-controlled 1-V shown in

Figure 1.23a). Most of these mechanisms can be explained by self-heating-triggered mechanisms (Figure
1.23(;)_[210, 212, 216-221]
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Figure 1.22: Various threshold switching devices. (a) Ovonic threshold switching (OTS). This figure is from ref.[206]
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Thermal runaway mainly occurs within two types of localized conduction paths: either a metal phase that
has formed upon an insulator to metal phase transition (IMT) (Figure 1.22c),??? or a conducting filament
(Figure 1.22d).["°1 When a filament is involved, the self-heating-triggered devices typically need to be
electroformed to obtain a small-diameter conductive filament,>! where localized Joule heating occurs.
The threshold switching involving a filament in oxide such as NbO,?*? 23 2211 and TaO?*"! has been
successfully modelled using thermal feedback-based 3D Poole-Frenkel conduction. This model effectively
combines electronic conduction with thermal feedback to explain the S-shape NDR. The conduction
mechanism dominates the current flow below the threshold voltage, while self-heating of the filament
dominates above the threshold voltage (higher current).

In this model, the conductivity is written as follow:

Eq 2 BVF
_ o o Tkpr ) (kBT BVF _ ke | 4 L '
o(F, T) = ope *b {(ﬁﬁ) 1+ (szT 1) e Equation 1.11
where § = (ﬂfE )%, &, is the high frequency dielectric constant, E, is the activation energy, g, = ﬁ is a prefactor
0ér 14

constant, L is the film thickness, A is the active region area, R,, is the resistance, F is the electric field, and T is the

internal temperature of the active region.

The internal temperature is supposed to be spatially uniform within the active region of the device and the

heat transfer occurs at the quasi-static limit,”*?! which can be described by the following equation:

dTy
dt

dTy

C _—

= (T = Tstage)Ten + Vaew, ~0 Equation 1.12

T = Tstage + Waev/Ten Equation 1.13

where Cy, is the thermal capacitance, T4, is the stage temperature, V,,, is the voltage drop over the device, and 7,

is the thermal conductance. Here we assume that ., is temperature independent in the investigated temperature range.

Self-heating-triggered threshold switching devices are closely linked to the leakage current of the devices;
thus, their performances are significantly impacted by the intrinsic material properties.??!! Though this type
of devices exhibits limitations in leakage current (normally larger than OTS), the devices hold advantages
in endurance (10* cycles).??! They demonstrate good integration compatibility with metal oxide-based

RRAM when employed as selectors, as they share the similar fabrication processes.*’* 2211
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1.4.4 Literature review on resistive switching in RMnQOs thin films

Few groups have explored non-volatile resistive switching performances in hexagonal polycrystalline
YMnOs; thin films*” 2-251 To the best of our knowledge, there is no study on ErMnOs-based devices. As
this work focuses on exploring switching behaviors in YMnOz and ErMnO3 devices, a literature review on
resistive switching in YMnOs is presented in this section. Note that there are currently no reports on ECM
as well as threshold switching in devices based on YMnOs or ErMnOs.

Studies on different electrode configurations, YMnOs; composition variations, and microstructural aspects
to explore the underlying mechanisms have been reported. Yan et al. investigated Pt/'YMn;.;03/Pt stacks,
revealing unipolar resistive switching attributed to the formation and rupture of conductive filaments
induced by Mn vacancies.!?*! Bogusz et al. studied unipolar resistive switching in h-YMnOj; films with Au
or Al top and Pt bottom electrodes, identifying oxygen vacancies as key to filament formation along grain
boundaries and charged domain walls.*” 221 Wei et al. observed multilevel bipolar resistive switching in
INf'YMnOs/Nb:SrTiOs devices, linking this behavior to modifications in the depletion region at the pn
junction interface between h-YMnOsz and Nb:SrTiOz upon polarization reversal.”®! Recent work by
Rayapati et al. and by K. N. Rathod et al. studied cations doped h-YMnO; for electroforming-free
filamentary unipolar resistive switching in Al/h-YMnOa/Pt stacks,? and interface-type bipolar resistive
switching in Ag/h-YMnO3/Si.1*!

In Table 1.2, we summarize the reports on the polycrystalline YMnOs-based resistive switching devices.
Studies have been so far only focused on polycrystalline hexagonal YMnQOs thin films (stoichiometric and
off-stoichiometric). All these devices were prepared using pulsed laser deposition for YMnOs; growth. None
of the studies address the possible presence of the 0-YMnOs in the polycrystalline h-YMnOs films and its

potential role on the resistive switching properties.
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Table 1.2: Literatures of resistive switching performances and parameters of polycrystalline YMnOs-based resistive switching devices

System Switching  Film Film Veorm (V) Vset (V) Vieset (V) Rore/ Retention ~ Mechanism Ref.
mode thickness  preparation Ron (s)
Pt/YMna-503/Pt Unipolar 150 PLDat800°C  ~#10 ~*(22- ~+(06-13) >10* >10° Red/Ox metallic filament 24
10) formation (Mn vacancy)
AU/YMNOs/PUTI Unipolar 150 PLD at800°C  Free ~+15 ~+2 >10° >5 x 10* Red/Ox metallic filament 22
formation (oxygen vacancy)
Pt/YMNO/AI/Ti ) 153 Free ~+(3-20) Red/Ox metallic  filament
Unipolar PLD at 800 °C ~+(0.7-5) > 10* > 8 x 10* ) 7
PUYMnO/AI 189 Free (), +20 (+)~ - (3 — 20), + formation (oxygen vacancy)
(3-10)
Al/Y0.95Mny.0s/Pt ~+30 ~+10 5.5 x10°
. . Red/Ox metallic filament
Al/Y1MnogaTioouPt Unipolar 200 PLDat800°C ~#*30 ~+20 ~%2 5.0x10°  >8x 10* ) 24
formation (oxygen vacancy)
AllYo09sMn105Tio.01/Pt Free ~+25 6.0 x10°
. Polarization reversal-induced
In/YMnO3/NSTO Bipolar 350 PLD at800°C  Free +3.5 -35 >10° >5 x 10* o ) 23]
modification of the width of
the
Ag/YossSroesMnOs  Bipolar 100 PLDat700 °C  Free +6 -6 3 - Oxygen vacancy migration 251
/Si
Ag/YossCaosMnOsz  Bipolar 100 PLDat700 °C  Free +5 -5 > 10? - Red/Ox metallic filament [
/Si formation (oxygen vacancy)
Ag/ Unipolar 100 PLDat700 °C  Free +10 +10 ~10 >10° Defects such as oxygen [
Yo0.95Ca00sMnOs/N vacancy migration and charge

punoJbxoeq o141uaIdS (T Jaideyd
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1.5 Objectives of this work

Compact and energy-efficient power supplies are essential for high-performance microelectronic systems,
particularly in growing sectors such as mobility, industrial applications and energy.??" 2281 Addressing this
need, the research project “Erforschung rekonfigurierbarer, passiver Mikroelektronikbauelemente fiir
Energieeffizienz und Flexibilitit” (ERMI) was funded by BMBF as part of the ForMikro program. This
project aims to use novel passive components (inductors L and capacitors C) to develop energy-efficient
voltage transformers for local power supply.™*&-2°

In a study reported by H. Schmidt et al., the vortex density in YMnOs thin films-based devices was linked
to changes in resistances (HRS and LRS), as illustrated in Figure 1.24.151 They found that a low vortex
density corresponded to the HRS, attributed to fewer conductive vortices. Conversely, a high vortex density
was associated with the LRS. In their interpretation, the nanosized vortices not only serve as the conducting
path responsible for transitioning to the LRS, but also function as inductors due to their winding structures.

They suggested that reconfigurability between capacitive state (HRS) and inductive state (LRS) could be
achieved.
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Figure 1.24: Sketches of reconfigurable devices based on ferroelectric manganite thin films (RMnQOj3) (a) in the OFF
state with a small vortex density and large resistance, (b) in the ON state with a large vortex density and small
resistance. These figures were made by Heidemarie Schmidt from the ForMikro kickoff meeting. (c) and (d) Current-
voltage (1-V) characteristics of the devices in OFF and ON states. These figures are from ref.[*%]
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One of the objectives of our study was to explore this concept further, investigating the reconfigurability
between capacitive (OFF) and inductive (ON) states in devices. However, our investigation revealed that
L-C reconfigurability is not possible due to actually negligible inductive behavior, as detailed in Chapter 3.

We shifted our focus to exploring R-C reconfigurability, as these compounds (YMnO3, ErMnQO3) offered
promising routes to tune the resistive switching based not only on the types of electrodes used but also on
the possibility to leverage the properties of both the hexagonal and orthorhombic phases. Furthermore,
combing resistive switching and ferroelectricity, if feasible, would offer an additional path to achieve

multilevel analog resistive switching states for neuromorphic applications.!!* 1]

The objectives of this work are outlined below.

e Synthesizing of polycrystalline hexagonal YMnOs and ErMnOs films and of mixed

hexagonal/orthorhombic films.

e Characterizing and quantifying the mixed crystalline phases: Develop a method to clearly identify

and locate the orthorhombic phase within the hexagonal matrix. Subsequently, quantitatively
estimate the fraction of the two crystalline phases (orthorhombic and hexagonal) in polycrystalline
YMnOs and ErMnQs thin films.

e Studying ferroelectric properties of YMnOs; and ErMnQO3 thin films.

e Studying and understanding resistive switching mechanisms: Investigate the mechanisms

underlying resistive switching in YMnOs and ErMnOs-based devices with different top electrodes.

e Optimizing device performance: Investigate the impact of film thickness and crystalline phase

fractions on the performance of the memristive devices. Optimize device parameters to achieve
desired characteristics such as ultra-low Ron (required by ERMI project), low operating voltages,
large memory window, and high endurance. Explore the possibilities offered by the coexistence of
two polymorphs (hexagonal and orthorhombic) to design new devices. Engineering the amount and
conductivity of the orthorhombic phase to modify the switching and to optimize the device
performance.

e Integration into functional circuit (frequency compensation circuit): Investigate how the

reconfigurability between capacitive and resistive states can be utilized to modulate the frequency

response of the circuits.

The dissertation is structured in six chapters.

Chapter 1 provides an overview of the scientific background essential for understanding the material

properties and resistive switching phenomena observed in rare earth manganite (RMnQ3) thin films.

Chapter 2 introduces the experimental methodology and characterization techniques employed in this work.
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Chapter 1: Scientific background

In Chapter 3, we explore capacitive and inductive behaviors in manganite thin films using two-terminal

devices.

In Chapter 4, we investigate the electrochemical metallization resistive switching and its origin in
Pt/YMnOs/Al memristive devices with polycrystalline YMnOs films containing a mixture of 0o-YMnOz and
h-YMnOs phases.

In Chapter 5, we study the bipolar resistive switching behavior in valence change memory
PY/ErMnOs/Ti/Au devices and explore the impact of the hexagonal and orthorhombic phases and their

relative content on the resistive switching.

In Chapter 6, we demonstrate, for the first time, electroforming-free threshold switching behavior in
Pt/ErMnOs/Pt devices, taking advantage of the mixture of hexagonal and orthorhombic phases. We propose
a physical model of threshold switching to address the underlying physical mechanism and investigate the

roles of hexagonal and orthorhombic phases on triggering the threshold switching.

Finally, we summarize the results and provide an outlook on resistive switching in RMnOs-based devices.
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Chapter 2: Experimental methods

In this chapter, the experimental methodology and characterization techniques employed for the studies in
the subsequent chapters are introduced. First of all, we describe the film preparation methods in Section 2.1.
The detailed device fabrication process by photolithography is explained in Section 2.2. Finally, in
Section 2.3 we summarize the principles of the characterization methods used: grazing incidence X-ray
diffraction (GIXRD), spectroscopic ellipsometry, atomic force microscopy (AFM), scanning electron
microscopy (SEM), Raman spectroscopy, synchrotron time-resolved XRD and electrical characterizations.

2.1 Film preparation

Manganite thin films were deposited by radio frequency (RF) sputtering. Different metal thin films were

prepared by direct current (DC) sputtering and evaporation.
2.1.1 Sputtering

Sputtering deposition is a physical process, whereby a solid target surface is bombarded with high energy
ions, resulting in backward scattered sputtered atoms, as illustrated in Figure 2.1.2%°! In this work, RF and
DC sputtering systems were used for oxide and metal depositions, respectively.

Incident ion
®

Sputter atom
> Target atom

\
Ay
N
N

Target surface

CO0GOT0
@ lon implantation

Figure 2.1: Physical sputtering processes. The figure is from ref.[22]

2.1.1.1 RF sputtering

RF sputtering supports a wide range of target materials, which can be conducting and non-conducting
materials. RF sputtering provides more uniform and reproducible thin films during the deposition process
(compared to DC sputtering), because charges built up on surface of the target can be eliminated by

alternating currents (AC).

A typical sputtering system is sketched in Figure 2.2. Argon (Ar) as an inert gas is inserted and ionized in
the vacuum chamber, through AC power source at radio frequencies. The manganite target material is

bombarded by high energy Ar* ions and the backward scattered atoms are ejected from the target. These
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sputtered atoms then travel through the vacuum chamber and reach the substrate, forming a thin film on the

substrate.

(a} Vacuum chamber

Ar > Plasma
Target material @ ° ? RF power
L Substrate o
Pump

Figure 2.2: (a) Schematic of a RF sputtering chamber. (b) RF sputter system (Von Ardenng).

Von Ardenne RF sputter system was employed for the deposition of both YMnO3; and ErMnQOs thin films.
The film thickness can be defined by changing the deposition time with a constant deposition rate. Note
that a pre-sputtering process, with the same deposition parameters, was carried out for 5 min to clean up
the impurity and contaminants on the surface of the target, and help to stabilize the sputtering process. The
optimization process of the films will be discussed in Chapters 4 and 5.

2.1.1.2 DC sputtering

A DC sputtering system is illustrated in Figure 2.3. In DC sputtering, one electrode is the cathode with the
metal Pt target and another electrode is the anode connected with the substrate. Ar gas is inserted and
ionized in the vacuum chamber under DC power. The generated Ar* ions are accelerated towards the
cathode and collide with the surface atoms of the target material, resulting in sputtered atoms ejected from
the target. These atoms then travel through the vacuum chamber and hit the substrate, forming a thin film.
The system utilized in this work has off-axis target-substrate configuration, whereby lower energy emitted
sputtered atoms can be captured on the rotating substrate. Therefore, the energetic bombardment on the

substrate can be largely minimized, leading to a more controllable process with better film quality.

The AJA International off-axis sputter system (Figure 2.3b), capable of operating in both DC and RF
sputtering modes, was employed for the deposition of Pt and Ta layers. Note that Ta was deposited using
RF sputtering. Table 2.1 lists the deposition parameters of Pt and Ta. These parameters were optimized by
Sascha Petz from the Young Investigator Group MaXray at HZB.
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(@) | vacuum chamber

a—mme—ﬂl

Rotating
~sample holder

— m—

Target material

PUMP

Figure 2.3: (a) Schematic of off-axis DC sputter chamber. (b) DC sputter system (AJA International).

Table 2.1: Deposition parameters of Pt and Ta.

Metal Ar pressure DC power . . Growth rate
eta emperature
(ubar) (W) (nm/s)
Pt 4 400 Room temperature 0.102
Ta 4 300 Room temperature 0.025

2.1.2 Evaporation

Another deposition technique employed in this work for metallic electrodes is thermal or electron (E)-beam

evaporation. A metal is evaporated in vacuum and then atoms condense on the substrate. 2!

Figure 2.4a shows a schematic of the thermal evaporation system. In this setup, the source material is placed
on a tungsten boat functioning as a resistant heater. Upon supplying power to the boat, the target material

is heated, causing the evaporation of atoms which then condense on the substrate to form a thin film.

Veeco thermal evaporator system (Figure 2.4b) in clean room at the Technical University of Berlin (TU
Berlin) was employed for deposition of Al, Au, and Ti. The power applied to the boat is increased until a

stable deposition rate is reached, which is on average at around 1 A/s and kept lower than 3.5 A/s.
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Figure 2.4: (a) Schematic of thermal evaporation. (b) Veeco thermal evaporator system in clean room at TU Berlin.

In Figure 2.5a, an evaporation system with another heat source — electron beam — is illustrated. In this

configuration, a highly-charged electron beam possessing considerable energy is employed to melt the

target material. Subsequently, the evaporated atoms are deposited onto the substrate positioned above the

target. The E-beam evaporation technique is particularly suitable for materials with high melting

temperatures, such as Pt, Ti and some oxides.

Telemark evaporator with a customized high vacuum system (Figure 2.5b) was applied for deposition of Pt

and Ti. The electron beam typically works at 10 kV acceleration voltage with an emission current up to

200 mA. The deposition rates are at the range of 0.5 — 10 A/s, which are monitored by a quartz crystal

microbalance during deposition. All depositions were performed by Karsten Harbauer from the Institue of

Solar Fuels at HZB.
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Figure 2.5: (a) Schematic of electron-beam evaporation. (b) E-beam evaporator system.

2.2 Device fabrication

Traditional photolithography requires the fabrication of a photomask and the use of a mask aligner to
transfer the pattern onto a resist-coated sample. Direct laser writing lithography does not require a physical
mask, since the pattern is exposed directly onto the sample using a focused laser beam.[?! It offers
flexibility and superior resolution (~ 500 nm) but may be slower and more expensive than photolithography
for large-scale production. We have used photolithography at the TU Berlin clean room and direct laser

writing lithography at HZB.

Figure 2.6 depicts the micro-structuring process using a positive photoresist and its process parameters.
Initially, a substrate or sample is uniformly coated with a ~1.6 pm-thick photoresist (AZ5412E) via spin
coating at 4000 rpm for 30 s, followed by a pre-baking step (on hotplate at 90 °C for 3 min) to eliminate
solvent residues from the resist. Subsequently, to transfer the desired pattern from a mask to the resist-
covered substrate, the mask is precisely aligned with a dedicated mask aligner, and a 350 nm UV light is
applied and expose the resist at dedicated locations for 24 s, as depicted in Figure 2.6 i). Alternatively,
another method of pattern transfer, outlined in Figure 2.6 ii), involves direct laser writing lithography. Here,
the pattern is directly exposed onto the photoresist using a 375 nm laser coupled with a light modulator to
generate the desired features. Following exposure, the resist forms an indene carboxylic acid and can be
soluble in alkaline solutions. The sample undergoes immersion in a developer solution (AZ726MIF) for
~40 s (exposed by mask aligner) or 60 s (exposed by direct laser writing), which selectively dissolves the

exposed resist and leaves the unexposed areas in positive resist mode. Note that the developing time varies
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slightly due to the humidity change in the clean room. After the developing, it is crucial to immerse the
sample into the running deionized (DI) water and dry it with nitrogen, to remove the developer and stop the
development step.

Subsequent steps involve the deposition of thin films such as manganites or metals onto the patterned resist.
A lift-off process is then performed by immersing the substrate in acetone to eliminate the photoresist,
leaving only the thin films in the patterned regions. Lift-off process of metal thin films is carried out at
room temperature with ultrasonic cleaning in acetone for 5 min. Lift-off process of manganite thin films
requires ultrasonic cleaning in acetone at 50 °C for 1 hour and 40 min followed with rinsing by DMSO for
10 s.

Positive resist mode

Sample preparation Ultrasonic cleaning in acetone, isopropanol
Spin coating of positive . . .
photoresist and pre-bake Spin coating of photoresist AZ5214E
é Pre-bake at 90 °C for 3 min
i) Mask alignment, UV exposure  ii) Direct laser writing i) Mask aligner
1 ' l l— 1 l 1 'l Mask alignment (glass mask with Cr structures)
1 1 UV exposure for 24s
NN S - NN . - C_)r . -
li) Direct laser writing
Clear mode, intensity of 100%, laser power of 46 mW
Develop
[ Develop in AZ726MIF for ~40 s (after i) or 60s (after ii)

Clean with DI water

Thin film deposition
{manganite films, metals)
[ - -

Thin film deposition

Lift-off
— — Lift-off process by ultrasonic cleaning in acetone for 5 min for
metal thin films; in acetone at 50 °C for 1 hour and 40 min
followed with rinsing by DMSO for 10 s for manganite thin films

Figure 2.6: Micro-structuring by lithography processes in positive resist mode.

A bi-layer resist is applied for patterning and depositing thick films (larger than 200 nm in this work), as
LOR develops isotopically, creating a bi-layer sidewall profile (Figure 2.7). Hence, lift-off works well with
thicker film in this case. To obtain a bi-layer resist, a substrate is preheated at 170 °C for 2 min, which
allows the spin coated LOR to adhere better to the surface. Then the LOR-coated substrate is pre-baked at
170 °C for 5 min to remove the solvent. All the following steps remain the same as shown in Figure 2.6;
only the lift-off process is carried out by immersing the sample in NMP or DMSO for 5 min, followed by

acetone for 5 min.
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(— Preheat substrate at 170°C for 2 min
X I: Spin coating of LOR
| Pre-bake at 170 °C for 5 min

1. Coat and prebake LOR 4. Develop resist and LOR. LOR develops

isotropically, creating a bi-layer reentrant 2 Spin coating of AZ5412E

sidewall profile Pre-bake at 90 °C for 3 min

) | Mask alignment (glass mask with Cr structures)
S, 4 UV exposure for 24s

2. Coat and prebake imaging resist 5. Deposit film. The reentrant profile

4 Develop in AZ726MIF for 60s

i il ition.
ensures discontinuous film deposition. Clean with Dl water

1 i 5 Thin film deposition

3. Expose imaging resist 6. Lift-off bi-layer resist stack, leaving only 6

desired film. Lift-off process by ultrasonic cleaning in NMP/DMSO for 5

min, and then acetone for 5 min

Figure 2.7: Micro-structuring by lithography processes with a bi-layer resist. The figure is adapted from ref.[232

Additionally, during the device fabrication process, certain amorphous thin film layers, such as Al.Os, can
be etched away during the development of the resist (Figure 2.6). To address this issue, an alternative micro-
structing process is presented here, employing image reversal mode with positive resist, as depicted in
Figure 2.8. Initially, a thin film layer such as tungsten, which needs to be patterned later, is deposited onto
the sample with the Al,O; layer. Subsequently, the resist is uniformly spin-coated onto the sample, followed
by a pre-baking step (on a hotplate at 90 °C for 3 min). The resist is exposed to 350 nm UV at dedicated
locations for 24 s after the mask alignment. Then a post-bake at 120 °C for 2 min is performed to the sample.
Afterwards, the exposed areas of resist lose their capability to develop, whereas the unexposed areas remain
photoactive, which is soluble in the developer after a flood exposure without a mask for 70 s. A patterned
resist is then generated by immersion of the sample in the developer solution. Reactive ion etching (RIE)
is performed to selectively etch away the metal layer and the resist is subsequently stripped away by

immersing the sample in acetone, resulting in the formation of patterned metal structures.
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|
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Figure 2.8: Micro-structuring by lithography processes in image reversal positive resist mode.

All the photolithographic processes involving the photolithography mask aligner (Karl Suss MA6 with a
mercury short-arc lamp HBO 350 W from OSRAM, see Figure 2.9a) were carried out in the clean room at
TU Berlin. All the processes involving the direct laser writing lithography (DLW66+ Heidelberg, see Figure
2.9b) were conducted at HZB. The device fabrication processes regarding detailed information on structures

and materials will be described later in the Chapters 4, 5 and 6.
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Figure 2.9: (a) Photolithography mask aligner (Karl Suss MAB) used during exposure process in clean room at
TU Berlin. (b) Direct laser writing lithography (DLW66+ Heidelberg) in clean room at HZB.

2.3 Characterization methods

2.3.1 Grazing incidence X-ray diffraction

X-ray diffraction (XRD) is a non-destructive analytical method, which is based on the constructive
interference of X-rays. By measuring the intensity of X-rays scattered at different angles from a sample,

XRD provides valuable insights into the crystalline structure of materials.?*]

Grazing incidence XRD (GIXRD), characterized by a fixed small incident angle (w), is a common
characterization technique for polycrystalline thin films. A low angle of incidence increases the volume
that will diffract in the thin films.”**) The setup of GIXRD is shown in Figure 2.10. The X-ray beam,
generated by a cathode X-ray tube and filtered for monochromatic radiation, is subsequently collimated and
directed at the sample at a fixed incident angle w. The interaction between the incident X-rays (wave vector
k;) and the sample produces constructive interferences and diffracted X-rays (wave vector ky) when
Bragg’s law (see Equation 2.1) is fulfilled. The X-ray detector is rotated around the sample to capture the
diffracted pattern over 260 range. Subsequently, data analysis follows for defining the d-spacings of the
sample crystalline structure, identifying the compound, and determining its lattice parameters and

crystalline orientations.
nl =2dsin@ Equation 2.1

where n is the diffraction order, 4 is the X-ray wavelength, d is the inter-planar spacing and 6 is the diffraction angle.
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Figure 2.10: (a) Schematic of grazing incidence X-ray diffraction (GIXRD) measurement. w is the fixed incident angle,
20 is the diffracted angle, and Q = ky — k; is the scattering vector. (b) PANalytical MPD diffractometer.

A PANalytical MPD diffractometer with Cu K, (1 = 1.5406 A) parallel beam was used for GIXRD

measurements (Figure 2.10b). The setup configurations and scanning parameters are listed in Table 2.2.

Table 2.2: The setup configurations and scanning parameters employed for all GIXRD measurements.

Divergent slit 1/16°

Beam mask 2mm

Detector Xe point detector with parallel plate collimator
Incident angle 1°

Scan range 10 -80°

Step size 0.1°

Scan time per step 10s

2.3.2 Spectroscopic ellipsometry

Ellipsometry is a non-destructive optical technique, which provides the optical constants (refractive index
n and extinction coefficient k) and layer thickness.!?*"
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The fundamental principle of ellipsometry is illustrated in Figure 2.11a, where linearly polarized light
changes in its polarized state upon reflection from the sample surface at an incident angle 6 (relative to the
normal). The change in both amplitude and phase of the polarized wave depends on the optical constants
(n, k) and film thickness of the sample layer. These changes are recorded by the detector as ellipsometry

parameters (1, 4),12%5 27 which can be described by the fundamental equation of ellipsometry.
2 = tan (Y)el Equation 2.2

where R, and R, are reflectances for the p- and s-polarizations, tan (3) and 4 represent the magnitude of the

reflectivity ratio, and the phase difference between the reflected p- and s-polarizations.

A standard procedure of film analysis is presented in Figure 2.11b. First, the ellipsometry parameters (y, 4)
around the Brewster angle (where Equation 2.2 is maximal, 60°, 65°, 70° in this work) are recorded.
Subsequently, a suitable optical model comprising a stack of multilayers with corresponding optical
constants and thicknesses on an infinitely thick substrate is constructed. Different functional models are
adopted depending on the material type: Cauchy model for transparent materials, Lorentz model for
semiconductors with a transparent spectra region or metals, and Drude model for metals or heavily-doped
semiconductors.?®®! For YMnOz; and ErMnOs thin films in this research, Tauc-Lorentz model is used,
particularly suitable for semiconductors in their amorphous and polycrystalline forms.?*¢! Following the
construction of the optical model stack (thickness, dielectric constants...), the (i,4) spectra can be
analytically calculated. The parameters of the model are then adjusted to fit the experimental data. The
determination of the optical constants and thin film characteristics such as thickness and roughness can then
be extracted once the model converge to a solution closely matching the data. Additionally, film uniformity

can be assessed by making a measurement at various position of the sample.

In this study, spectroscopic ellipsometry measurements were conducted using a Woollam M2000
Ellipsometer coupled with CompleteEASE software, as shown in Figure 2.12. During the measurements,
different incident angles (60°, 65°, 70°) and a wavelength range of 192-1690 nm were used. A Tauc-Lorentz

model was used to construct the optical model for a YMnO3 or ErMnQs thin film on Pt-coated Si substrates.
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Figure 2.11: (a) Schematic of ellipsometry setup. n and k are the refractive index and extinction coefficient of the
sample, respectively. @ indicates the incident angle. ¥ and 4 are the ellipsometry parameters defined by the amplitude

reflection coefficients for polarization. (b) A standard procedure for spectroscopic ellipsometry measurements. This

figure is from ref.[2%%
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Figure 2.12: J.A. Woollam M-2000 Ellipsometer system.
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2.3.3 Atomic force microscopy

Atomic force microscopy (AFM) is one of the most powerful surface characterization techniques to study
the topography and some physical properties at sub-nanometer scale resolution, including mechanical,
electrical or electromechanical properties. In this study, standard imaging and advanced modes, such as
conductive AFM (c-AFM) and piezoresponse force microscopy (PFM), are employed with a Park Systems
NX10 microscope (Figure 2.13). Table 2.3 provides an overview of the tips used in the experiments.

Cantilever under
microscopy

Smart scan
software

— &
Sample stage
(xy scanner)

Voltage
amplifier

Figure 2.13: Park Systems NX10 AFM setup.

Table 2.3: Cantilevers and their parameters used in the experiments.

Probe name Multi75-G[?% Nano sensors PPP-EFM[?4] HQ:NSC14/ptl241]
Resonance frequency (kHz) 75 75 160

Force constant (Nm™) 3 2.8 5

Tip radius (nm) 10 <7 <30

Coating None Pt/Ir (95% Pt, 5% Ir) Pt

Appropriate mode Standard imaging c-AFM, PFM c-AFM, PFM

2.3.3.1 Basic principle

Figure 2.14 is the schematic illustration for the AFM operation where the tip scans the surface of the sample

to acquire topographic information.?*> 2431 The bending of the cantilever indicates the local height change

on the sample surface by monitoring the laser spot reflected from the backside of the bent cantilever on a
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split four-sector photodiode. The lateral torsion as well as the vertical bending of the cantilever, can be

detected from the laser spot position on the quadrant photodiode, as depicted in Figure 2.14b.

For a precise topographic map of the surface, the sample usually undergoes a precise controlled movement
in three directions (x, y, z) by the piezo scanner and a feedback controller.**?! The feedback loop is employed
to keep the cantilever bending constant by controlling the height of the sample and the electronics records
the height information for the topography as a function of the x, y location. Our NX10 microscopy has

separate xy-scanner and z-scanner to minimize any mechanical crosstalk between x, y and z movements.

Depending on the distance between the tip apex and the sample surface, the operating modes are classified
into contact, non-contact and taping modes (Figure 2.14c). The repulsive and attractive forces refer to short-
range (Pauli, < 1 nm) and long-range forces (van-der-Waals), respectively.?*4 2451 As a tip approaches the
sample surface, it initially gets pulled towards the surface by the attractive force while the short-range
repulsive force dominates the interaction with a further decrease of the distance between the tip and the
surface. In the contact mode, the tip scans the sample surface while exerting a constant force onto the
surface, which is set by the predefined setpoint. During the scanning, the cantilever gets bent in response
to surface height variations and the feedback loop immediately adjusts the z scanner to maintain the constant
cantilever bending or applied tip force, giving information on the surface topography.>*?! Our study focuses

on the contact mode and its advanced derivatives such as c-AFM and PFM.

(a) Cantilever deflection b)
DIff Feedback
controller

Quadrant
photodiode

Sample
[Computer
z oy Piezo scanner
V. 1 &

(¢) Force

Contact Non-contact

Tapping

Repulsive

Tip-sample distance

Attractive

N

Figure 2.14: Principle of atomic force microscopy (AFM). (a) Schematic of AFM setup. (b) Different beam spot
positions on the quadrant photodiode due to cantilever deflection in vertical and lateral directions. (c) Interatomic
force as a function of the distance between the tip and the sample surface, different modes of the AFM operation are

indicated along the tip-sample distance. Graph (a) partially adapted from ref.[24?]
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2.3.3.2 Conductive atomic force microscopy

Conductive atomic force microscopy (c-AFM) has emerged as a valuable tool to investigate the local
conductance characteristics of samples by surface scanning in contact mode. As depicted in the c-AFM
setup illustrated in Figure 2.15, a voltage source applies a certain voltage to the bottom electrode of the
sample and the current flow between the conductive tip and the electrically biased bottom electrode is
measured through an integrated current amplifier. Consequently, both the topography and the current maps
of the sample are simultaneously obtained. In addition to imaging the current distribution at a given DC
bias, the conduction behavior of the sample at a specific location can be investigated by I-V spectroscopy,
whereby the voltage is systematically swept forward and backward at a given rate, which enables
comprehensive assessment of sample conductance characteristics.?*!

Nevertheless, it is imperative to acknowledge a primary limitation inherent to c-AFM: the accuracy of the

247, 248] Factors

sample's conductivity characteristics is significantly influenced by the tip-sample contact.!
such as sample surface roughness, contamination, tip geometry, applied tip force, and tip degradation
throughout the measurements collectively influence the current flow between the tip and the sample. Thus,
the findings obtained through c-AFM should be considered more qualitative in nature rather than strictly
quantitative, reflecting the challenges associated with achieving precise and reproducible measurements

under varying experimental conditions.
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Figure 2.15: Principle of conductive atomic force microscopy (c-AFM).

Computer

During the c-AFM measurements, the conductive Pt-coated cantilever tip (Nano sensors PPP-EFM,
HQ:NSC14/Pt) was grounded, and a DC bias was applied to the sample bottom electrode. A voltage

magnifier (x 20) was employed when the applied voltage exceeds the maximum value of 10 V.
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2.3.3.3 Piezoresponse force microscopy

Ferroelectric materials display a spontaneous polarization which can be switched by an external electric
field or a mechanical inhomogeneous force. Piezoresponse force microscopy (PFM) is a powerful tool to

image and manipulate ferroelectric domain structures of ferroelectric thin films at the nanoscale.?*7 231!

The experimental setup of PFM is schematically presented in Figure 2.16. To image the ferroelectric
domains, a conductive tip scans the sample surface in the contact mode while an AC voltage is applied to
the bottom electrode of the sample, which brings piezoelectric vibration and, therefore, cantilever vibration.
This vibration is detected by the laser spot vibration on the photodiode and the external lock-in amplifier
demodulates the vibration signal, yielding the piezoelectric signal which is effectively separated from the
topographic cantilever deflection. The phase signal from the lock-in amplifier corresponds to the vertical
component of the local polarization. The piezoresponse signal is in phase or 180° out-of-phase with the
applied field, if the polarization below the tip is parallel or antiparallel to the applied field, respectively (see
Figure 2.16b). The amplitude signal reflects the amplitude of the polarization but also mechanical prospects
of the surface and potential electrostatic interaction with the tip. The amplitude is zero at the domain wall
between two 180 © domains. In addition, manipulation of ferroelectric domain structures can be achieved

through application of a DC voltage to the sample.

We used UHF lock-in amplifier from Zurich Instruments and conductive Pt-coated cantilevers (Nano
sensors PPP-EFM) for PFM measurements. An AC voltage of 1.5 V peak-to-peak was used.
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Figure 2.16: Principle of piezoresponse force microscopy (PFM). (a) Schematic of PFM setup. This figure is partially
adapted from ref.[>% (b) Schematic of PFM working principle.

2.3.4 Scanning electron microscopy

Scanning electron microscopy (SEM) is a highly versatile technique for high-resolution images which
provides surface information of the materials, such as topography, morphology, composition, and

crystallography.??

The underlying principle of SEM is presented in Figure 2.17a. A focused electron beam with highly
energetic primary electrons is released from the source and the electron wavelength can be varied by the

applied accelerating voltage to the electron gun. The electron beam scans over and strikes the sample
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surface, generating various signals including secondary electrons (SEs), backscattered electrons (BSES),
characteristic X-rays, and Auger electrons. These signals are subsequently collected by electron detectors.
The SE detector positioned off to the side of the vacuum chamber gives information of topographic contrast.
The in-lens detector placed in the beam path of the microscopy, detects the SEs and/or BSEs with high
collection efficiency.?*®! The signal provides topographic and compositional information.

Energy-dispersive X-ray spectroscopy (EDX) can be coupled with SEM to analyze the characteristic X-
rays emitted. Each element emits X-rays at specific energy levels, which allows the identification and
quantification of the elements in the sample.

In this work, thin films were characterized by SEM utilizing an in-lens detector at acceleration voltages of
10.0 kV (ZEISS-Gemini) and 1.0 kV (ZEISS-Merlin). Additionally, EDX from ZEISS-Gemini system was

employed at acceleration voltages of 20.0 kV for elemental analysis.
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Figure 2.17: (a) Principle of scanning electron microscopy (SEM). The interaction of electron beam with sample and
the signal emitted from the sample.?%? (b) ZEISS-Gemini SEM system.

2.3.5 Raman spectroscopy

Raman spectroscopy is a non-destructive analysis technique, which allows the determination of the
chemical composition, crystalline structure and bonds in the sample. This technique is based on the Raman
scattering — the interaction between light and chemical bonds within the samples under examination. 2> 255
An incoming light with a specific wavelength A4,,..-, undergoes processes including light absorption,
transmission, reflection, and various scatterings upon interaction with the sample, as presented in Figure
2.18a. The predominant portion of the scattered light retains the same wavelength as the laser source
(Aiaser = Ascatrter)» Which is named as Rayleigh scattering and only provides limited information. A small

amount of light is scattered at different wavelengths depending on the nature and crystalline structure of
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the sample, which corresponds to Stokes Raman scattering (A;gser < Ascatter) and anti-Stokes Raman
scattering (Ajgser > Ascarter). BOth scatterings are inelastic, however, Stokes Raman scattering (molecule
gains energy from the scattering of photons) is more common to be used in Raman spectroscopy
measurements, since the anti-Stokes Raman requires that the molecule is at an excited vibrational state and
lose energy. Hence, Raman shift, denoting the energy difference between the incident light and the scattered
one is the representative of the vibration modes of the atomic or molecular bonds.

Figure 2.18b illustrates the principle of the Raman spectroscopy setup. During the measurement, a sample
is excited by a focused monochromatic light through the integrated optics system. The scattered light is
subsequently directed and focused onto the detector for signal collection. Computer processing extracts the
Raman signal as signal intensity plotted against Raman shift, yielding a Raman spectrum. Spatial mapping
involves sequential acquisition of spectra across an area of interest by moving the stage in (x, y) directions

in a point-by-point manner.

The Raman measurements of the thin films were performed using Horiba HR-evolution LabRam
spectrometer. LabSpec6 software was used for viewing the Raman spectra. A continuous laser of 325 nm
wavelength was used as the excitation source with a line grating of 1800 I/mm. The excitation source was
focused unto the thin film through a ~1 um diameter microscope having a magnification of x40 and
numerical aperture of 0.49. Additionally, a neutral density (ND) filter status of 3.2% and a confocal hole
size of 150 um were applied during the measurements. Raman spectroscopy mapping was performed by

moving the XY stage with a spatial resolution of ~1 um.
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Figure 2.18: (a) Three different scatterings with a given input wavelength and the comparison to the scattered
wavelengths. This image is from ref.[>5 (b) Principle of Raman spectroscopy system. The graph (b) is partially
adapted from ref.[?¢] (c) Horiba LabRam Raman spectrometer.

2.3.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a non-destructive, surface sensitive quantitative technique based
on the photoelectric effect, which reveals chemical bond and electronic information on the elements and

their environments in a sample.[?%7]

The sample is irradiated with X-rays leading to the emission of electrons (called photoelectrons) as a result
of transfer of the X-ray energy to electrons occupying core levels, as illustrated in Figure 2.19a. The
photoelectric effect can be described by the mathematic equation (Equation 2.3) and states that the
minimum energy of photons to be used must be higher than the electron binding energy and the sample
work function. As the binding energy (Eg) of the electron determines how tightly it is bound to the orbital,

it is a material property independent of other factors such as X-rays. Hence, according to Equation 2.3, the
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binding energy of electrons can be analyzed through the kinetic energy ( Ex ) of the escaped

photoelectrons.!?®! The binding energies are characteristic of specific electron orbitals in atoms.
Ep = hv — ¢ps — Eg Equation 2.3

where h is Planck’s constant and v is the photon frequency, Ej is the binding energy and Ey is the kinetic energy of

the emitted electron, ¢ is the work function of the sample.

Ex and sample work function (¢s) in Equation 2.3 can be replaced by the measured kinetic energy (Ey)
from the spectrometer and its work function (@specero), When the Fermi levels of the sample and
spectrometer are well aligned with a good ohmic contact (see Figure 2.19a and Equation 2.4). Hence,
calibration of the spectrometer Fermi level (Eg) with a metallic reference is mandatory to allow in turn the

direct access to Eg from the measured kinetic energy (Ex) independently from the sample work function
(Ps)-

Ep = hv — Qspectro — Ex Equation 2.4

XPS system is schematically illustrated in Figure 2.19b. After X-ray excitation, the emitted electrons are
directed and focused towards the entrance slit of a hemispherical energy analyzer with electrostatic lenses.
Ultra-high vacuum environment (~10%° mbar) is used to ensure no kinetic energy loss of the ejected
electrons before reaching the analyzer. Afterwards, the electrons travel into the hemispherical analyzer
thanks to a radial field and only electrons with a specified energy (called pass energy) will be able to travel
through the analyzer and reach the exit slit.”>1 They will be subsequently collected by the electron

multiplier detector.

In this study, the chemical compositions and bonding environments of ErMnOs polycrystalline films were
evaluated by an XPS system from Specs GmbH (Figure 2.19¢), with a monochromatic Al Ko source (hv =
1486.7 eV). Photoelectrons were collected using a hemispherical energy analyzer (PHOIBOS 150) with
1D delay line detector at a fixed pass energy of 20 eV, giving an overall experimental energy resolution of
~ 300 meV. The energy resolution is determined by the experimental resolution (full width at half maximum
(FWHM) of the X-ray source and thermal broadening), which has a gaussian shape and by the intrinsic
energy resolution of the photoionized state, which has a Lorentzian shape. The take-off angle (i.e angle
between the sample surface and the electron analyzer) was set to 90 °, giving a probing depth of ~ 34, where
A stands for the inelastic mean free path of the electrons before leaving the sample. With Al Ka, Amy 2p
through ErMnOs is calculated to be 2 £ 0.5 nm using the TT2PM software, giving a probing depth of
~ 6 nm. The binding energies were referenced to the Fermi edge of metallic Mo in electrical contact with
the sample. CasaXPS software was used to subtract the secondary electron background and to model the
63



Chapter 2: Experimental methods

Mn 2ps2 core level spectra using Pseudo-Voight functions (convolution of Gaussian and Lorentzian) in

order to evaluate the Mn oxidation state.
The XPS measurements were performed by Dr. Wassim Hamouda. | treated and analyzed the data.
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Figure 2.19: (a) Energy level diagram of the sample aligned with the spectrometer in a photoemission experiment,
including the x-ray source energy (hv), the binding energy of the electron (Eg), the work function of the sample (¢s)
and spectrometer (¢pecero), the Kinetic energy of sample (Ex) and measured Kinetic energy (E). (b) Schematic of X-

ray photoelectron spectroscopy system. (c) Photo of the employed XPS system from Specs GmbH.

2.3.7 Electrical characterization

Impedance measurements, ferroelectric measurements, and resistive switching measurements, including I-
V measurements with quasi-static DC sweeps, Kelvin (4-wire) resistance measurements, endurance and
retention measurements, were carried out on capacitive structures. These measurements were performed at

room temperature using a Keysight B1500 semiconductor device parameter analyzer with an MPI TS2000-
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SE probe station, as presented in Figure 2.20. Additionally, ferroelectric measurements were conducted

using the Radiant Precision Multiferroic 1 ferroelectric test system together with Vision software.

' Radiant Precision
Multiferroic Il

H -8 4

T
MPITS2000-SE

Probe station

Figure 2.20: (a) Photo of the probe station setup, Radiant Precision Multiferroic 1, and Keysight B1500. (b) Magnified

image of the probe station setup.

2.3.7.1 Impedance measurement

To study the inductive and capacitive behaviors of the devices in ON and OFF states, impedance
measurements including (Z, f) and (Z, V) were conducted. These measurements were performed at
frequencies ranging from 1 kHz to 5 MHz, applying an AC signal of 20 mV. Circuit simulations were
carried out using QucsStudio software to extract resistance (R), inductance (L) and capacitance (C) values.

Further details will be provided in Chapter 3.

2.3.7.2 Ferroelectric characterization

The ferroelectric properties of the manganite thin films were investigated by measuring polarization-voltage
(P-V) hysteresis loops. A conventional approach, based on the modified Sawyer-Tower circuit — virtual
ground method (shown in Figure 2.21), was employed to assess the P-V loops in this study. This method
involves applying a sequence of waves such as AC triangular voltage waves, enabling the direct
measurement of integrated voltage, which is proportional to the integrated sample charges. Subsequently,
polarization is calculated based on these charges. The response obtained from the measurements can exhibit
characteristics including remanent polarization and several parasitic elements, such as linear components
and non-remanent polarization. Hence, subtracting the parasitic elements from the overall hysteresis

response is essential for accurately determining the remanent polarization from the measurements.
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Figure 2.21: Virtual ground method for dynamic hysteresis measurement (DHM). The image is reproduced from
ref. 1259

To study the remanent polarization, Positive Up Negative Down (PUND) method was applied. Figure 2.22
shows the simplified pulse sequence for the PUND measurement. In PUND measurement, polarization
measurements are conducted with repeating sequence of five pulses, each having the same pulse width,
delay time, and voltage magnitude. The sequence begins with a negative voltage pulse in order to preset
the sample into a specific polarization state. Subsequently, two positive pulses follow; the first pulse
switches the polarization and the second does not, resulting in switched (P*) and non-switched (P”)
polarization states, respectively. This is followed by two negative voltage pulses. Similarly, the first pulse
switches the polarization while the second pulse maintains it. Hence, by subtracting the non-switching
response from the switching response, the leakage and charge injection conduction are deducted and the

remanent polarization can be calculated (P*-P*).12¢%

In our measurements, the Radiant ferroelectric tester utilizes a modified approach for the PUND
measurement by obtaining two distinct hysteresis loops named Logic 1 (contains both remanent and non-
remanent components) and Logic 0 (contains only non-remanent components). The remanent polarization

is obtained by subtracting Logic 0 from Logic 1.[°"

\ Switching pulse Non-switching pulse
P U
>
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width delay
D
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Figure 2.22: Positive Up Negative Down (PUND) method for remanent polarization characterization.
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2.3.7.3 Current-voltage characteristic

Current-voltage (I-V) measurements with quasi-static DC sweeps were performed for the study of resistive
switching. In these electrical measurements, the Pt bottom electrode was grounded, and a DC bias was
applied to the top electrode. Figure 2.23 shows a typical 1-V curve depicting resistive switching behavior,
with the arrows indicating the DC sweep directions. Above a certain threshold voltage (Vs.), the device
switches from a high resistance state (HRS) to a low resistance state (LRS), corresponding to the Set
process. A compliance current (Icc) was applied to prevent an irreversible hard breakdown of the device.
For the Reset process, the current decreases at the Reset voltage (Vreset), corresponding to the switching of
the device from LRS to HRS. ON and OFF resistances were determined at 50 mV at the same polarity as

the one of the Set processes. Additionally, endurance tests were done by performing multiple DC sweeps.

Further details regarding the measurement parameters such as applied bias, sweeping rate, and compliance

current, will be presented for the different sample systems in the following chapters.
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Figure 2.23: A typical current-voltage (I-V) curve on a capacitive structure. Icc is the compliance current.

2.3.7.4 Kelvin (4-wire) resistance measurement

Kelvin (4-wire) resistance measurements were performed to calibrate the cable and contact parasitic
resistance while measuring the ON resistances. These measurements require four terminals — a pair of
current-carrying probes and a pair of voltage-carrying probes, as illustrated in Figure 2.24. The resistance
of the device under test can be calculated based on the actual voltage dropping over it and the current
flowing through it (see Equation 2.5).

Vo=V
R =227

Equation 2.5
Iy
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Figure 2.24: (a) A equivalent circuit of Kelvin (4-wire) resistance measurement. This figure is from ref.[?51 (b) A
schematic diagram of the device under test. The current is measured through probe 1 to probe 4, the voltage is
measured between probes 2 and 3.

2.3.7.5 Retention measurement

Retention measurements of the devices in ON and OFF states were carried out at room temperature. The
devices were first switched to LRS (ON) and HRS (OFF) states by applying a DC triangular bias, followed
by determining the resistance values with a small read DC bias for 6x10° s (see Figure 2.25).
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Figure 2.25: Retention measurement during the resistive switching tests.

2.3.8 Operando time-resolved X-ray diffraction during PUND measurement

Time-resolved X-ray diffraction (XRD) is performed to investigate real-time structural changes within a
crystalline specimen which undergoes a certain reaction, phase transition, or physical changes under a

stimulus. 2621

We employed operando time-resolved XRD at the synchrotron BESSY Il (beamline XPP-KMC3) to study
the piezoelectric response of manganite thin films in metal/film/metal stacks. The time resolution is at the

nanosecond range.
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The experimental setup is sketched in Figure 2.26.%%®1 The sample was placed and grounded on a
goniometer. The top electrode of the stack was contacted electrically using a tungsten tip. The
monochromatic X-ray beam with energy at 9 keV was collimated to about 150 x 300 um?, so that only the
material below a single electrode could be tested. Theta-two theta scans were recorded by a 2D PILATUS
pixelated detector during the electrical biasing — PUND measurements or triangular pulses. The electric-
field-induced strain was extracted from the shift of the two-theta position of the Bragg reflection. The results

will be discussed in Chapter 5.

These experiments were performed in collaboration with Dr. Thomas Cornelius from the Institute
Matériaux Microélectronique Nanosciences de Provence (Marseille, France) and Dr. Matthias Rossle from

HZB/Uni Potsdam.
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Figure 2.26: Principle of time-resolve XRD setup at the XPP-KMC3 beamline at BESSY II. This figure is from ref.[26
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Highly compact and energy-efficient power supplies are essential for high-performance microelectronic
systems, particularly in growing sectors such as mobility, industrial applications and energy./??": 221 |n
response to this need, the research project named “Erforschung rekonfigurierbarer, passiver
Mikroelektronikbauelemente flir Energieeffizienz und Flexibilitat” (ERMI), was funded by BMBF as part
of the ForMikro program. This project aims to utilize novel passive components (inductors L and capacitors
C) to develop energy-efficient voltage transformers for local power supply.l*®-2% Ultimately, the project
seeks to develop novel multiphase voltage transformers in conjunction with adapted integrated circuits,
which will significantly advance the state of the art in power supply technology.

Building on the work of Heidemarie Schmidt et al., who explored topological vortex states coupled with
resistance states in multiferroelectric manganite RMnOjs thin films,™>-171 the ERMI project explored the use
of manganites with a large vortex density as inductors and those with small vortex density as capacitors.

The concept envisioned for the reconfigurability between capacitive (OFF state) and inductive (ON state)
states in the devices is illustrated in Figure 3.1.
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Figure 3.1: Sketches of reconfigurable devices based on ferroelectric manganite thin films (RMnQs) (a) in OFF state
with a small vortex density and large resistance, (b) in ON state with a large vortex density and small resistance. These
figures were made by Heidemarie Schmidt from the ForMikro kickoff meeting. (c) and (d) Current-voltage (I-V)
characteristics of the devices in OFF and ON states. These figures are from ref.[*°]

In this chapter, we explore capacitive and inductive behaviors in ferroelectric manganite thin films using

two-terminal devices. The chapter is organized as follows: In Section 3.1, we introduce the device
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architecture and electrical configurations. In Sections 3.2 and 3.3 we present the analysis of impedance
measurements two different setups, coupled with circuit simulations. This analysis aims to study the circuit
elements (R, L, C) in both OFF and ON states, providing a comprehensive understanding of their electrical
characteristics and a potential reconfigurability between L and C. Lastly, a summary is presented in
Section 3.4.

3.1 Device architecture and electrical measurement configurations

Impedance measurements were carried out to study the inductive and capacitive behaviors of devices in
ON and OFF states. In Figure 3.2 we present two types of impedance measurement setups used in this work.
One setup involves a package-based configuration where a printed circuit board (PCB) or diode package is
directly connected to the impedance analyzer (Figure 3.2a). The other setup is probe station-based (MPI
TS2000-SE) and conducted on chips (Figure 3.2b), which includes cable extension — shielded two terminal

(S-2T) configuration (Figure 3.2c), which contributes with series parasitics to the device response.

(a) Package based (PCB, diode package) (b) Probe station based (chips)

Impedance analyzer

Impedance analyzer

Impedance analyzer

BNC to triax connector
(s-2T configuration)

Top electrode
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Figure 3.2: Impedance measurement setups. (a) Package-based measurement with PCB or diode package directly
connected to the impedance analyzer. (b) Probe station-based measurement on chips, including shielded two terminal
(S-2T) configuration. (c) Cable extension using the shielded two terminal configuration, leading to series parasitics

contribution to the device under test (DUT) response. 264

We propose an equivalent circuit (Figure 3.3) to analyze the impedance measurements of the devices. The
circuit consists of two main parts. The section highlighted in green represents parasitic elements, including

a series inductor and resistor, along with a parallel capacitor. The rest (in the black box) refers to the
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components of the device. When the device is in the OFF state, two pairs of parallel capacitors and resistors
connected in series are considered as the equivalent elements, which reflects the top electrode/film interface
and bottom electrode/film interface in the stack. When the device is switched to the ON state, a series of
inductor and resistor is added, since the vortex density increases in the devices and the vortices can be
potentially regarded as inductors.

Calibrating out the parasitics from impedance measurements is crucial to ensure accuracy, since the
presence of parasitics in cables can significantly impact and impede the device response, especially for the
probe station-based measurements due to cable extension. In addition, the residual inductance in the cable
varies due to random cable arrangement, making it challenging to maintain constant and stable inductive
parasitics. Hence, we need to perform the OPEN calibration to calibrate capacitive parasitics, and the

SHORT calibration to addresses inductive and resistive parasitics.
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Figure 3.3: Equivalent circuit including the device under measurement and parasitics. This circuit was proposed by

Heidemarie Schmidt.

To systematically study the reconfigurability between the capacitive (OFF state) and inductive (ON state)
behaviors of the devices, electrical measurements were conducted as illustrated in Figure 3.4. Initially,
OPEN and SHORT calibrations were performed to determine the parasitics. Subsequently, impedance
measurements were carried out to study the devices in their pristine state, which is expected to show a
capacitive behavior. Detailed investigations of the switching between OFF and ON states via |-V
measurements will be discussed in Chapter 4. Impedance measurements were then performed both in the
ON state to examine inductive or resistive behaviors, and upon resetting to the OFF state to examine the

capacitive behavior.

To analyze the impedance measurements of the devices and explore the relevant device elements, circuit
simulations were then performed based on the proposed circuit model (see Figure 3.3) using QucsStudio

software.
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» Impedance ‘ » Impedance
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Figure 3.4: Electrical characteristic of devices including I-V measurements and impedance measurements, to study

the reconfigurability between the capacitive and resistive/inductive states.

3.2 Package-based measurement

3.2.1 Parasitic calibration

Package-based impedance measurements involve smaller uncompensated series parasitics since diode legs
and cables are shorter. Short corrections can be made through a ‘wire’ shorting both BNC terminals, and
open corrections can be made by simply disconnecting the package from the BNC terminals. Figure 3.5a
shows the equivalent circuit of an inductor and a resistor in series as parasitics through the short
configuration (SHORT structure) in the package-based setup. The circuit, simulated based on experimental
Bode plots (impedance magnitude and phase vs. frequency, in Figure 3.5b, ¢), yielded inductance and
resistance values of 58.66 nH and 8.2 mQ, respectively. Open correction reveals capacitive parasitics with

negligible capacitance (10" F), as depicted in Figure 3.6.
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Figure 3.5: Parasitics (inductance and resistance) in a package-based measurement. (a) Equivalent circuit for the
impedance measurement of SHORT structure, and their experimental and simulated Bode plots showing (b)

Impedance magnitude Z and (c) phase as a function of frequency.
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Figure 3.6: Capacitance of OPEN structure in a package-based measurement.

3.2.2 Reference inductor

Now with the identified parasitics, we characterized a reference sample —a commercial inductor on a PCB
board — to establish a measurement standard within our ERMI project partners. Impedance measurements
were conducted in a ‘thru’ configuration, reaching up to 5 MHz by us (HZB) and up to 1 GHz by our
collaborator (IMS, Hannover), as depicted in Figure 3.7. The Bode plots from both measurements align up
to 5 MHz, indicating consistent results. The measurement recorded by IMS reveals a self-resonant peak at
a higher frequency range, indicating the presence of internal parasitics such as a winding capacitor (C2 in
Figure 3.7) and coil resistance (R2 in Figure 3.7) in parallel. Below the self-resonant frequency, inductive
behavior dominates, while above it, the reference sample exhibits more capacitive characteristics, with the

impedance decreasing as frequency increases.

Hence, we propose an equivalent circuit model for this reference inductor as shown in Figure 3.7a. The
model was adjusted to match the experimental Bode plots by optimizing the values of circuit elements,
resulting in a good agreement between the simulation curves and the experimental results (see Figure 3.7b,
c). The derived equivalent circuit determines an inductance value of 5.6 puH for the reference sample.
Studying this reference sample helps us understand inductive response and validate our impedance
characterization and analysis.
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Figure 3.7: (a) Equivalent circuit for the impedance measurements of reference inductor in a PCB-based package,
along with experimental Bode plots from HZB and IMS using different electrical configurations and the simulated

Bode plots showing (b) impedance magnitude Z and (c) phase as a function of frequency.

3.2.3 YMnOs-based device characterization

Impedance measurements were performed on the YMnOs-based devices in the ON state using the package-
based setup. The parasitics of the package-based measurements were determined in the Section 3.2.1. We
applied the same inductance and resistance values to the equivalent circuit. For devices in the ON state,
inductive behavior with an inductor (L1) and resistor (R1) in series is expected, as shown in Figure 3.8a.
The values of L1 and R1 were tuned to fit the experimental impedance magnitude and phase as a function
of frequency (see Figure 3.8b, ¢). The inductance value of the device is determined to be around 16 nH,
which is smaller than the parasitic inductance and below our measurable error in this configuration. To
better characterize these devices, probe station-based measurements can be explored, with on-chip

calibration structures included to minimize parasitics.
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Figure 3.8: (a) Equivalent circuit for the impedance measurements of a YMnOs-based device (ON state) in a diode
package, and their experimental and simulated Bode plots showing (b) impedance magnitude Z and (c) phase as a

function of frequency.

3.3 Probe station-based measurement

Probe station-based measurements often introduce significant parasitics, particularly inductance, owing to
the extended cables involved. In this section, we present an illustration of impedance measurement analysis
both without and with the calibration of these parasitics. This demonstration aims to point out the
importance of proper calibrations, ensuring precise inductive measurements, when devices exhibit small

inductance necessitating enhanced accuracy.
3.3.1 Parasitic calibration

A dedicated photolithography mask design containing metal/insulator/metal (MIM) devices and test
structures for on-chip calibration were developed to fabricate and electrically characterize manganite thin

films integrated in MIM stacks.

Figure 3.9 illustrates the process flow of Pt/YMnOs/Al devices and on-chip OPEN and SHORT calibration
structures. Photolithography with a dedicated mask and deposition of 200 nm-thick Pt and 30 nm-thick Ti
by E-beam evaporation were carried out on SiO, (1 um)/Si substrates, to obtain patterned bottom electrodes.
A YMnOs thin film was deposited on the patterned Pt bottom electrode by RF sputtering at room
temperature in an Ar atmosphere using a RF power of 200 W and an Ar pressure of 10 pbar. Subsequent

post-deposition annealing in N» at 750 °C for 30 min in a furnace was performed. The optimization of the
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polycrystalline YMnO; films is discussed in Chapter 4. Pt/YMnOs/Al devices, OPEN and SHORT
structures were fabricated with ~ 500 nm-thick Al top electrodes by lift-off using photolithography and E-
beam evaporation of Al.

(i) Patterned bottom electrode Pt

o

o

Lithography and Pt/Ti
metal deposition

RF sputtering and post-
deposition annealing in N,
at 750 °C for 30 min

(i) Final MIM stack of Al/YMnO; /Pt (ii) Preparation of polycrystalline YMnO; thin film
SHORT

Device
OPEN

Lithography and Al
metal deposition

Figure 3.9: Process flow of Pt/YMnOs/Al stack with both patterned top and bottom electrodes, with on-chip OPEN
and SHORT calibration structures. (i) Preparation of patterned Pt bottom electrodes. (ii) Preparation of polycrystalline
YMnO:s films. (iii) Final MIM stack of Pt/YMnOs/Al devices, OPEN and SHORT structures.

The impedance measurements of on-chip calibrations are illustrated in Figure 3.10. The on-chip OPEN
structure allows to calibrate capacitive parasitics, and the on-chip SHORT structure addresses inductive
and resistive parasitics. Detailed discussions of these calibrations, along with circuit simulations, will be
provided later.

(b) (c)
Impedance analyzer Impedance analyzer

(a)

Impedance analyzer

anganite film

bottom electrode bottom electrode bottom electrode

Device with patterned bottom electrode On-chip OPEN calibration On-chip SHORT calibration

Figure 3.10: Sketches of impedance measurements of (a) a device, (b) the on-chip OPEN calibration, (c) the on-chip
SHORT calibration.
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The on-chip SHORT structure (Figure 3.10c) can be described by an ideal equivalent circuit, as depicted in
Figure 3.11a. This circuit comprises a series configuration of an inductor (Lpl) and a resistor (Rpl).
However, error in mask alignment during the top electrode preparation and edge effects may induce
additional parasitic elements, specifically a capacitor (Cp2) and a resistor (Rp2) arranged in parallel to Lpl
and Rp1, as illustrated in Figure 3.11b. Based on this, we propose the equivalent circuit for the real SHORT

structure, shown in Figure 3.11c.

Vi1 Rp2
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Figure 3.11: Equivalent circuits of (a) an ideal on-chip SHORT structure and (c) a real on-chip SHORT structure. (b)
Sketch of the real device structure due to the error in mask alignment, causing additional capacitance and resistance

in parallel.

Impedance measurements were conducted for the on-chip SHORT structure, and the corresponding
equivalent circuit was employed to extract information about parasitic elements, as presented in Figure
3.12. The derived values for the inductor (Lpl) and DC resistor (Rpl) originate from the extended cable
and the chip. Incorporating these values later in the circuit simulation of devices ensures an accurate
determination of their electrical characteristics. However, errors in mask alignment may result in slightly
different values for the additional capacitor (Cp2) and resistor (Rp2) in the SHORT structure and devices.
Therefore, meticulous tuning of Cp2 and Rp2 is necessary during fitting for the devices to ensure accurate

simulations.
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Figure 3.12: Parasitics in probe station-based measurements. (a) Equivalent circuit for the impedance measurements
of on-chip SHORT structures, and their experimental and simulated Bode plots showing (b) impedance magnitude Z

and (c) phase as a function of frequency.

The on-chip OPEN structures allow to determine the parasitic capacitor Cpl, which is approximately
3.4x10B F, as shown in Figure 3.13. The experimental impedance magnitude as a function of frequency
is well reproduced by the simulation curve plotted in Figure 3.13b. However, the experimental impedance
phase as a function of frequency (see Figure 3.13c) exhibits changes between -90 and 90 °, whereas it is
expected to be constant at -90 ° for an ideal capacitor. The deviation from ideality may be due to the small

capacitance value in the on-chip OPEN structures.
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Figure 3.13: Parasitics (capacitance) in probe station-based measurements. (a) Equivalent circuit for the impedance
measurements of the on-chip OPEN structures, and their experimental and simulated Bode plots showing (b)

impedance magnitude Z and (c) phase as a function of frequency.
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3.3.2 RMnO3-based device characterization

3.3.2.1 Device characterization without calibrations

Firstly, impedance measurements were performed on 100 nm-thick ErMnOs-based devices without
calibration structures. Figure 3.14 shows the simulated equivalent circuit without parasitic elements,
indicating an inductance value of around 1.5 uH. This value includes contributions from parasitics, as we
will show below.

(a) JE] Pr1

J.CZ

L1 R2

L=15pH R=1742.26 Q| C=7.314x1071%F
V1 R1
Vi R3 c3
U=ty [Vin =
Q) SR R = 121.503 QTC =4.037 x 107 1%F
T — 90
(b) == Simulation (c) == Simulation
== Device (ON ==Device (ON)
40 evice (ON) 70
o
S 50
30 o0
) s
N
20 & 30
s
o
10 10
-1
?es 1e4 1e5 1e6 1e7 ?e3 1e4 1e5 1e6 1e7

Frequency (Hz) Frequency (Hz)

Figure 3.14: (a) Equivalent circuit without parasitic part for the impedance measurement of an ErMnOz-based device

(ON state) in probe station-based measurement, and their experimental and simulated Bode plots showing (b)

impedance magnitude Z and (c) phase as a function of frequency.

3.3.2.2 Device characterization with calibrations

Device in ON state

Now we study the impedance measurements of Pt/YMnOs/Al devices in the ON state, using the parasitic
elements determined from the on-chip SHORT and OPEN structures. An inductive response characterized
by an inductor (L1) and a resistor (R1) in series, along with other parasitic elements, is anticipated, as
depicted in Figure 3.15a. The resistance value (R1) can be determined by evaluating the impedance
magnitude in the low-frequency region, shown in Figure 3.15b. The value of L1 was adjusted to align with
the experimental impedance characteristics in terms of magnitude and phase for varying frequencies. Bode

plots in Figure 3.15D, c illustrate simulations incorporating the tuning of inductance values ranging from
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I nH to 1 pH. The model fitting reveals that better fitting could not be achieved with larger inductance
values, and optimization is attained with the smallest inductance value. This observation indicates the
absence of noticeable inductive behavior in the device in the ON state. Consequently, the device

predominantly exhibits a resistive behavior. If there is any inductance value, it is too small for meaningful

measurement.
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Figure 3.15: (a) Equivalent circuit for the impedance measurement of Pt/YMnOs/Al device (ON state) with both
patterned top and bottom electrodes (fabricated as shown in Figure 3.9), and their experimental and simulated Bode
plots showing (b) impedance magnitude Z and (c) phase as a function of frequency. The simulation curves were

modulated by changing the inductance value from 1 nH to 1 pH.

Device in OFF state

The impedance measurements were performed in both pristine and OFF states. As depicted in Figure 3.16,
the capacitances of the devices were analyzed using on-chip OPEN and SHORT calibrations. Notably, the
capacitance value of the device in pristine state (first cycle) is slightly larger than that observed in OFF state
for all subsequent cycles. This difference is attributed to the presence of only partially ruptured filaments
in OFF state, contributing to variations in the device's capacitance characteristics. Further insights into the
formation and rupture of filaments during the resistive switching of these devices will be discussed in

Chapter 4.
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Figure 3.16: Capacitances of Pt/'YMnOs/Al devices in pristine and OFF states with on-chip OPEN and SHORT

calibrations.

From this study, we demonstrate that the original concept of the vortices in RMnQOs; leading to a significant
inductive behavior is not valid in polycrystalline films. A recent study in 2022 has shown that the
ferroelectric domain size of ErMnOjs polycrystals (ceramics) increases with decreasing grain size.?*®! For a
grain size of 1.5 um, the ceramics exhibit a single domain configuration for the polarization. Since the grain

size in our films is of 40 + 15 nm, it is likely that the films are monodomains, without vortices.

We have then focused on only exploring the reconfigurability of devices between resistive and capacitive
states (R-C). The partner at Jena developed inductive Cu coils on chips to take care of the inductive

component of the final targeted circuit in the ERMI project.
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3.4 Summary

e A standardized impedance measurement procedure was established, which includes the

characterization of a commercial inductor component as a reference sample on a PCB board.

e Dedicated on-chip OPEN and SHORT calibrations were developed for impedance measurements
on the probe station. These calibrations coupled with circuit simulations, enabled the determination
of parasitics.

o Impedance measurements were conducted on Metal-Insulator-Metal (MIM) stacks with YMnO3
and ErMnQOs. Both package- and probe station-based setups were used. Only low inductances in
the nH range were determined which are at the detection limit (nH). Devices show a capacitive
behavior in the OFF state and resistive behavior in the ON state, allowing the possibility for

reconfigurable R-C.
e There is no possibility to have a L-C reconfigurability in the devices.

Our research has then focused on the reconfigurability of the RMnQOgs-based devices between resistive and
capacitive states (R-C). The results are presented in the next chapters.
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Research into the resistive switching behavior of polycrystalline hexagonal YMnOQO; thin films has
demonstrated potential for applications in neuromorphic devices.!” 27251 Few studies have explored
different electrodes, YMnOs compositions, and microstructures, leading to different observed mechanisms.
Yan et al. described unipolar resistive switching in Pt/YMn1.;03/Pt stacks, attributing the behavior to the
formation and rupture of conductive filaments induced by Mn vacancies.!?!! Bogusz et al. investigated
unipolar resistive switching in h-YMnOs films with Au or Al top and Pt bottom electrodes, identifying
oxygen vacancies as the cause of conductive filament formation along grain boundaries and charged domain
walls.['” 221 Wei et al. observed multilevel bipolar resistive switching in In/YMnO3s/Nb:SrTiOs devices,
explaining it as resulting from modifications to the depletion region at the pn junction interface between h-
YMnO; and Nb:SrTiOz upon polarization reversal.l”®! Additionally, a recent study on cations doped h-
YMnOs by Rayapati et al. demonstrated electroforming-free filamentary unipolar resistive switching in
Al/h-YMnO4/Pt stacks.” K. N. Rathod et al. showed interface-type bipolar resistive switching in Ag/h-
YMnO3/Si systems.? Thus far, research has been focused on polycrystalline hexagonal YMnOs thin films

with different bottom and top electrodes.

However, due to difficulties in achieving single-phase polycrystalline h-YMnOjz thin filmst38 146, 147, 150, 154]
and the limitations of X-ray diffraction in conclusively identifying the absence of orthorhombic YMnOs (o-
YMnO:s,), itis conceivable that the reported resistive switching behaviors in the literature may be influenced
by contributions from both crystalline phases. Moreover, all the devices mentioned above can be
categorized as valence change memory devices, involving either a filamentary or an interfacial

mechanism.[**®! There are no reports of electrochemical metallization memory using YMnO; to date.

In this chapter, we develop a method to identify and locate the orthorhombic with hexagonal matrix, even
when it is present at a few percent in h-YMnOs films. We then investigate Pt/YMnOs/Al memristive devices

with polycrystalline YMnOs films containing a mixture of 0o-YMnO3 and h-YMnOs phases.

The chapter is organized as follows. We present the optimization of polycrystalline YMnOj3 thin films in
Section 4.1. We study the microstructure of the films using multiple characterization methods to identify
and quantify the different crystalline phases in Section 4.2. In Section 4.3, the ferroelectricity of YMnOs
thin films is probed by piezoresponse force microscopy (PFM). Next, the resistive switching behavior in
Pt/YMnOs/Al is investigated in Section 4.4. Finally, reconfigurability between capacitive and resistive

states of Pt/'YMnOs/Al stack is discussed in Section 4.5, followed by a short summary in Section 4.6.

The results presented in Sections 4.2 and 4.4 have been published in the journal Small Structures, ref.>**
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4.1 Polycrystalline YMnOs thin film optimization

The impact of different RF sputtering conditions and post-deposition annealing conditions on crystalline
phases and film quality were investigated.

Si/SiO./Ti/Pt substrates were prepared by E-beam evaporation of 200 nm Pt and 30 nm Ti (as adhesion
layer) on SiO, (1um)/Si wafers. YMnOs films were deposited on the Si/SiO./Ti/Pt substrates by RF
sputtering in Ar ambient at room temperature using YMnOj; target. Subsequently, polycrystalline YMnO;

films were obtained by post-deposition annealing.

First of all, the thickness uniformity of the as-deposited films was investigated (Figure 4.1). A film was
deposited on a 5 x 5 cm? Si/SiO2/Ti/Pt substrate at a RF power of 200 W and Ar pressure of 10 pbar. The
thickness was mapped by spectroscopic ellipsometry. Measurements were taken within 4 x 4 cm? from the
center of the substrate and the thickness was determined using the Tauc-Lorentz model. The thickness
normalized to the value at the center of the film is also indicated in Figure 4.1. We observe a radially
decreasing thickness across the film, with a maximum thickness at the center and a minimum thickness at
the corners. This finding is consistent with the modeled thickness distribution of a sputtered film grown on
a flat substrate with a centered circular target, reported by Susan Trolier-McKinstry and coauthors.?%"]
Hence, the effective deposition area to achieve a sample with less than 5% thickness difference across the

entire film is 3 x 3 cm? placed at the center of the sample stage.

Thickness map of as-deposited YMnO; film  (nm)
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Figure 4.1: Thickness map over an area of 5 x 5 cm? of an as-deposited YMnO; film with sputtering conditions of RF
power 200 W and Ar pressure 10 pbar. The thickness is determined by spectroscopic ellipsometry. The thickness and

its value normalized to that at the center of the film (shown in grey) are presented.
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4.1.1 Sputtering conditions

RF sputtering deposition is affected by a lot of parameters, such as RF power, Ar pressure, substrate
temperature, deposition time, target tilt, etc. In this work, we mainly investigate the impact of RF power
and Ar pressure on film growth, especially its crystalline phases and microstructure. All films had a similar
thickness and were annealed under the same conditions.

41.1.1 Effect of RF power

As one of the main deposition factors, the RF power has a significant role in obtaining smooth and uniform
thin films. At powers lower than 100 W, the ignited plasma was not stable; at powers higher than 300 W,
the target might be damaged. Hence, different RF powers from 100 to 300 W were applied, as shown in
Table 4.1, with the same Ar pressure of 10 pbar. The deposition time was adjusted to ensure the same film
thickness. The film growth rate as a function of RF power is plotted in Figure 4.2. The growth rate increases
linearly with RF power. The increase in RF power leads to an increase of ejected species from the YMnOs

target, resulting in an increase of the growth rate.

Table 4.1: Impact of RF power on film thickness.

RF power (W) Film thickness (nm) Growth rate (nm/s)

100 243 0.08

200 287 0.27

300 268 0.45
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Figure 4.2: Growth rate of as-deposited YMnO; films as a function of RF power. Note that the thickness error

determined from ellipsometry is at the sub-Angstrom scale, hence, the growth rate error is negligible in the plot.
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All the films were annealed at 900 °C under N2 at 1 atm with flowing rate of 1 L/min in a furnace for
120 min. The GIXRD patterns of the annealed films deposited with different RF powers are shown in Figure
4.3. An as-deposited film (sputtered with RF power of 200 W) was measured as a reference. The film is
amorphous and the peaks observed correspond to the Pt substrate [PDF 00-001-2680[%¢1] and to the
amorphous signature (26 ~ 32°). All annealed films are crystallized. The peaks can be assigned to the
hexagonal YMnO; (h-YMnQO3) [PDF 04-011-9915[?%°1], orthorhombic YMnO; (0-YMnO3) [PDF 04-007-
449571 and orthorhombic Mn3O4 (0-Mn3O4) [PDF 04-020-3526[27!1] phases. Note that several peaks of
h-YMnQO;3; and 0-YMnOs are very close or overlap, so some peaks can be assigned to both phases. The film
sputtered with 200 W crystallizes mainly in the h-YMnOs with few possible peaks from 0-YMnO;. A minor
peak from 0-Mn3O4 appears in the films sputtered with 100 and 300 W. In addition, the intensity of the
peak 00l is suppressed at 300 W, which suggests a change in texture. These results show that the RF power
impacts the crystalline structure and preferred orientations, which can be attributed to the stress induced in
the films by changing the RF power. Since we want to obtain polycrystalline YMnOs3; films with a
pronounced c-axis orientation of h-YMnOs, a RF power of 200 W was selected for further film optimization.
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Figure 4.3: GIXRD patterns of YMnOs thin films deposited at different RF powers (films annealed in a furnace at
900 °C for 120 min in N2). Film thicknesses are listed in Table 4.1.
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4.1.1.2 Effect of Ar pressure

Figure 4.4 shows the thin film growth rate as a function of Ar pressure ranging from 2 to 20 pbar (RF power
of 200 W). At pressures lower than 2 pbar, the plasma cannot be ignited. The growth rate increases slightly
as Ar pressure increases up to 20 pbar. When Ar pressure increases, the number of ionized Ar* ions
increases, resulting in a larger number of sputtered particles from the YMnOs target, therefore in an

enhanced growth rate.

Table 4.2: Impact of Ar pressure on film thickness.

Ar pressure (pbar) Film thickness (nm) Growth rate (nm/s)
2 259 0.26
10 255 0.26
20 274 0.28
0.30

| = 200 W RF power

0.25 -

Growth rate (nm/s)

0.20

T T T E T

0 5 10 15 20

Ar pressure (ubar)

Figure 4.4: Growth rate of as-deposited YMnO; films as a function of Ar pressure. Note that the thickness error

determined from ellipsometry is at the sub-Angstrom scale, hence, the growth rate error is negligible in the plot.

Figure 4.5 shows the GIXRD patterns of the films sputtered at different Ar pressures and annealed at 800 °C

for 120 min in N in a furnace. The peaks from the Pt substrate [PDF 00-001-26801%®1] are shown with

dashed lines. The films sputtered at 2 and 10 pbar crystallize mainly in h-YMnO3 [PDF 04-011-991512¢%]

with few possible peaks from 0-YMnOs [PDF 04-007-4495[271]. At 20 pbar, additional peaks appear that
93



Chapter 4: YMnO:3 thin film-based electrochemical metallization (ECM) devices

are attributed to 0-YMnOs. A weak peak from 0-MnsOy4 is also observed. Hence, lower Ar pressure should
be applied to avoid the secondary phase 0-Mnz;O.. The 004 diffraction peak from h-YMnQOs, shaded in blue,
shifts towards lower 26 values as the Ar pressure increases, which indicates that the out-of-plane lattice

parameter increases. An Ar pressure of 10 pbar was selected for the further film optimization.
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Figure 4.5: GIXRD patterns of YMnOs thin films deposited with different Ar pressures (films annealed in a furnace
at 800 °C for 120 min in Ny). Film thicknesses are listed in Table 4.2.

4.1.2 Annealing conditions

A RF power of 200 W and an Ar pressure of 10 pbar were selected as the optimized sputtering conditions.
Here we continue the study with the effect of annealing conditions on the crystalline phases formed in

YMnO; films. In Table 4.3 we present the different annealing parameters.
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Table 4.3: Impact of annealing conditions on the crystalline phases formed in YMnOs films. All films were sputtered
with a RF power of 200 W and an Ar pressure of 10 pbar.

Film thickness Annealing temperature Annealing time

) Atmosphere

(nm) (°C) (min)
Furnace — N2

234 900 120
(with residual Oy)

77 725 30 Furnace — N>
76 800 30 Furnace — N>
74 900 30 Furnace — N
261 1000 120 Furnace — N2

The GIXRD pattern of the film annealed in a furnace with N, flow and O; residue is shown in Figure 4.6.
The presence of residual O leads to the dominant formation of 0-YMn,0s [PDF 00-034-0667>7*1] with
minor h-YMnOs and 0-YMnOs phases. Hence, to avoid the secondary phase 0-YMn2Os in this work, inert

atmosphere with only N, was applied to crystallize the films.
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Figure 4.6: GIXRD pattern of YMnOj3 thin film (sputtered with a RF power of 200 W and an Ar pressure of 10 pbar)

annealed at 900 °C for 120 min in a furnace with N, and residual O,. The film thickness is listed in Table 4.3.
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The as-deposited amorphous films were annealed in a furnace in N, at different temperatures ranging from
725 to 1000 °C. The GIXRD patterns are shown in Figure 4.7. At 725 °C the films crystallize mainly in the
hexagonal phase!?®®! but a few peaks from the orthorhombic phase?’” also appear. These peaks are no more
observed for the samples annealed at 800 °C and 900 °C. However, we will show later, using other
techniques, that the orthorhombic phase is still present. At 1000 °C, there are several peaks from the
orthorhombic phase, indicating the transition from hexagonal phase to orthorhombic phase at high

annealing temperature.

We observe that the effect of the annealing temperatures on the crystalline phases formed is more significant

than that of the initial deposition parameters.
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Figure 4.7: GIXRD patterns of YMnOs thin films annealed at different annealing temperatures in a furnace with N

flow. The annealing condition and film thickness of the films are shown in Table 4.3.

In some films we observe the coexistence of o- and h-YMnOs while the thermodynamically stable phase is
the hexagonal one. Calculations of the free energy of RMnOs formation from ROz and Mn,QOs at 900 °C*:
I indicate only a slight difference between the thermodynamically stable hexagonal and the metastable
orthorhombic phases for YMnOs (see Figure 1.3 in Chapter 1). Consequently, under specific conditions
such as high pressure synthesis,-5% soft chemistry synthesis®®® 5 and epitaxial strain in thin films, the
metastable orthorhombic phase of YMnOjs can be stabilized.® 5 Romaguera-Barcelay et al. reported that
in polycrystalline thin films prepared on Si/SiO,/Ti/Pt substrates by chemical solution deposition and
annealed at 875 °C, the 0-YMnOs phase coexisted with the h-YMnOs one. They linked this to strain induced
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by the substrate.[**! Similarly, the presence of the orthorhombic phase in our films may be attributed to the
strain resulting from the significant mismatch in lattice expansion coefficients between YMnOs and the Pt
metal substrate.

While ceramics typically demand a quite high temperature of 800 °C for the crystallization of the h-YMnO3
phase under atmospheric pressure,[**? 46l the films in this study achieve crystallization at a lower
temperature of 725 °C. This can be attributed to the enhanced reactivity and mobility of atoms in thin films,
as well as the influence of substrates.

Table 4.4 presents the estimated lattice parameters of h-YMnOs in the different samples, compared to those
of single crystals.?*®) We observed that both a and c lattice parameters in the films annealed below 1000 °C
are significantly smaller than the ones of single crystals prepared under atmospheric pressure. Studies on
h-YMnQ; powders have shown deviations in crystal structure for nanocrystallites smaller than 80 nm, with
alterations in unit cell distortion and unit cell volume.[**?l Our observed lattice parameters for h-YMnO;
with grain sizes of 40 + 15 nm (SEM data in Figure 4.9) are much lower than the expected values.**?l An
explanation for the relatively small a and ¢ values emerges when our data are compared with those from
single crystals prepared under 5 GPa (Table 4.4, ref(?5°), The close alignment between our values and those
of high-pressure single crystals suggests that the strain imparted by the Pt substrate during the cooling

process from high temperatures (725 — 900 °C) to room temperature mimics the effects of high pressure.

There is indeed a tensile stress induced by the thermal mismatch between the thin film and the platinum
coated silicon substrate during the cooling in annealing process.** 2731 Moreover, stress is easily promoted

due to the highly anisotropic thermal expansion coefficients of the h-YMnO; unit cell.[*%!

The film annealed at 1000 °C shows larger a and ¢ values than those of films annealed below, closer to the
ones of single crystals prepared under atmospheric pressure. 2% The film has a larger grain size and exhibits
microcracks (Figure 4.8), which likely originate from strain relaxation as the tensile strain becomes too
large to accommodate within the crystalline cell. Hence, in order to obtain crack-free thin films, the
annealing temperature should be below 1000 °C.

Sample 1000

Figure 4.8: SEM images of YMnQj3 thin films annealed at 1000 °C (sample 1000) with in-lens detector and

acceleration voltage of 10.0 kV. Microcracks are observed. The figures are from ref.[266]
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Table 4.4: Lattice parameters and unit cell volume of the hexagonal phase in YMnQs films annealed at 725 to 1000 °C
and of hexagonal YMnOjs single crystal from ref.[?°l The in-plane a and the out-of-plane c lattice parameters were

calculated from the 110 and 004 peaks, respectively. The 111 peak at 26 = 40.05° of Pt was taken as a reference.

Samples In plane Out of plane Volume of cell
lattice a (A) lattice ¢ (A) (A3)
Single crystal (0 GPa)?5] 6.151 11.410 373.86
Single crystal (5 GPa)?] 6.067 11.305 360.37
Annealed at 725 °C 6.00 11.23 350.12
Annealed at 800 °C 6.02 11.23 352.45
Annealed at 900 °C 6.04 11.20 353.85
Annealed at 1000 °C 6.13 11.36 369.68

The surface morphology of the films should be pinhole free and of good quality to enable the fabrication
of high-quality devices. In Figure 4.9, we show SEM images of an as-deposited YMnOs thin film (A) and
of the films annealed at 725, 800, and 900 °C (sample 725, sample 800, and sample 900). Film A exhibits
a uniform greyscale contrast and a featureless morphology. Samples annealed at 725 and 800 °C reveal
areas with distinct bright/dark contrast and a granular appearance with grain sizes of 40 £ 15 nm. The film
annealed at 900 °C exhibits a different microstructure with pinholes, indicating that it is unsuitable for

device fabrication.

Figure 4.10 shows the optical microscope images of the same films. The as-deposited film (sample A) and
the film annealed at 900 °C (sample 900) show a uniform contrast. Films annealed at 725 and 800 °C
(sample 725, sample 800) exhibit a bright/dark contrast, particularly sample 725 shows more dark regions
than sample 800.
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Sample A Sample A

Sample 725 “ Sample 725

Sample 800 . Sample 800

Sample 900 Sample '9j0,0

Figure 4.9: SEM images of (a, b) as-deposited YMnOs thin film (sample A), YMnOs thin films annealed at (c, d)
725 °C (sample 725), (e, f) 800 °C (sample 800), and (g, h) 900 °C (sample 900) with in-lens detector and acceleration
voltage of 10.0 kV. The figures are from ref.[2%%]
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(a) Sample A

100 um

Figure 4.10: Optical microscope images of samples in Figure 4.9. The figures are from ref.[25!

Following annealing, all films exhibit significant roughness, as shown by AFM images in Figure 4.11. The
amorphous film shows a root-mean-square (RMS) roughness of ~ 6.2 nm, slightly higher than that of the
Pt substrate of ~ 4.9 nm. Upon annealing, the roughness of the polycrystalline YMnOs; films undergoes a
strong increase, ranging from a RMS value of 8.4 to 13.0 nm for films annealed at temperatures of 725 to
900 °C.

SampleA Sample 725 oanm
RMS £%6.2' nm 4 RMS = 8.4 hm

Pt supstrate’
RMS = 4:9,nm

.

500 Am 10

Sample 800
RMS = 9.5 nm

Sample 900
RMS = 13.0 nm

i

m

2500 nm_

Figure 4.11: AFM images of Pt substrate, samples A, 725, 800 and 900 and their RMS values.
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4.2 ldentification and quantification of the crystalline phases

As we observed bright/dark contrast in both SEM images and optical microscope images of films annealed
at 725 and 800 °C, it is important to find the origin of the contrast. SEM and optical microscope images
were recorded at the same location of a film annealed at 800 °C (see Figure 4.12a, b), showing that high
secondary electron yield regions in SEM image correspond to dark regions in optical microscope image.
Compositional and topographic contrasts are the two dominant factors, which can be responsible for the
contrast in SEM. Therefore, to disambiguate between the different possible origins we performed Raman

spectroscopy on the area indicated by the black box in Figure 4.12a, b.
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Figure 4.12: (a) SEM and (b) optical microscope images of sample 800 (film annealed at 800 °C). (c) Map of the
intensity of the mode A1(TOs) (686 cm™) characteristic of the h-YMnO3 phase. The map was recorded in the area
marked by the black box in (a, b). (d) Two Raman spectra representing “Region 1” (blue) and “Region 2” (red),
marked with white boxes in (c). ) Current map measured with c-AFM in the area marked by the yellow box in (a, b).
The grey rectangle indicates the location of the Raman map, shown in panel (c). (f) Topography map recorded

simultaneously with the c-AFM map in (e). The figures are partially adapted from ref.[26°]
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Raman spectroscopy mapping was conducted with a scan size of 10 x 20 um?, a beam size of 1 pm and a
spatial resolution of ~1 um. The mapped area, marked by the black dashed box in Figure 4.12a, b, covers
regions of both high and low secondary electron yield in the SEM images (or low and high brightness in
the optical microscope images). In Figure 4.12c, the Raman intensity map is presented based on the intensity
of the A1(TOg) mode at 686 cm, corresponding to the stretching of apical oxygen atoms (O1 and O2) along
the c-axis. This mode is associated with the tilting and trimerization of the MnOs polyhedra in the hexagonal
phase,?’4 absent in the orthorhombic phase. We identify two distinct regions colored in blue (‘Region 1°)
and red (‘Region 2’) based on the intensity of the peak at 686 cm™. Figure 4.12d shows typical Raman
spectra from these regions. All the recorded peaks are listed in Table 4.5 together with the reported Raman
active modes of h-YMnQO;3 and 0-YMnQOssingle crystals. The blue curve indicates the presence of 0-YMnO;
with a minor h-YMnOjs contribution. The red curve indicates pure h-YMnOs. The comparison of the Raman
intensity map with Figure 4.12a, b reveals that high secondary electron yield in SEM and low brightness in
optical microscopy are the signature of 0-YMnOs; phase (‘Region 1° colored in blue in Figure 4.12c).
Conversely, low secondary electron yield in SEM and high brightness in optical microscope correspond to
h-YMnQ; phase (‘Region 2’ colored in red in Figure 4.12c). Note that, as the bright features observed in
the SEM image (Figure 4.12a) exhibit irregular, discontinuous and ‘branched-like’ shapes, each measured
spot size of 1 x 1 pm? might include a small amount of h-YMnQs, explaining why the Raman mode A;(TOy)

belonging to h-YMnOs is detected in ‘Region 1°.

Table 4.5: Raman active modes recorded on sample 800 and reported in literatures.

Reported h-YMnO3 (cm™) Reported 0-YMnO3 (cm™) Our work
Mode Calculated Measured Mode  Calculated Measured Region 1 Region 2
[274] [275] [276] [276]

E2(5) 243 215 Bay(5) 162 220 214 231
E1(TOs) 274 238 Ay(6) 304 323 Ay(6) 321
E1(TOua) 644 632 Ay(3) 466 497 Aqy(3) 498 E1(TOus) 637
A1(TOq) 691 681 Ba2g(1) 617 616 B2g 619 A4(TOy) 686

6539 6559
A1(TOo) 686
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a) This Raman shift is not related to a proper vibration mode from 0-YMnOs?7°l; it might be originating from

defects?’”! or contributions from zone-boundary phonons?7®.

Conductive atomic force microscopy (c-AFM) measurements further confirmed the presence of the
orthorhombic phase in the hexagonal phase matrix. Note that these two crystalline phases have significant
different conduction properties (see Section 1.2.3), as the orthorhombic phase has been reported to have a
higher electrical conductivity compared to the hexagonal one.?®1 A 20 x 20 um? c-AFM spatial map
(Figure 4.12¢) was performed in the yellow box area of Figure 4.12a, b. A direct correlation exists between
the high conductive regions, the bright/dark regions in SEM/optical microscope images (Figure 4.12a, b),
and the area identified as 0-YMnQs in the Raman spectroscopy map (Figure 4.12c). The topography image
(Figure 4.12f) indicates no significant difference in surface morphology between the high and low
conductive regions, ruling out topographic contributions to the contrast observed in SEM and optical

microscopies.

Through these correlative microscopy and spectroscopy analyses, the presence of 0-YMnOs; in
polycrystalline h-YMnQOjs thin films is clearly identified. 0-YMnOs3; cannot be discriminated by X-ray
diffraction due to the low volume amount and nanosized grains leading to undetectable peaks or

overlapping peaks with h-YMnNO:s.

(a)

Figure 4.13: (a) and (c) SEM images of sample 725 and sample 800. (b) and (d) Segmentation results for the SEM
images (a) and (b) respectively, of high/low electron yield regions for the estimation of the fraction of 0-YMnOs. The

figures are from ref.[?66]
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Additionally, quantitative insights into the crystalline fraction (ratio of 0-YMnO; to h-YMnQOs) are obtained
through processing algorithms applied to dark/bright regions in SEM images. Films annealed at 725 and
800 °C contain ~52% and ~10% o-YMnQ; phase, respectively (Figure 4.13). Note that these percentages,
as derived from secondary electrons from the surface, do not necessarily represent the volume ratio.
However, we assume that the orthorhombic phase regions extend down to the bottom interface (Pt substrate)
since we can detect them by c-AFM.

4.3 Ferroelectric properties

Hexagonal YMnOs is an improper ferroelectric with a remanent polarization of around 5.5 uC/cm? in single
crystal form.*®! The topological domain structures (six domains merging at a vortex line) have so far been
observed in bulk single crystals,["% 27°.28 ceramics!’? 255 and epitaxial high quality thin films.[% As reported
by H. Schmidt, interplay between the ferroelectric domains and vortices, and resistive switching behaviors
in polycrystalline YMnOj thin films could bring multiple potential applications.** However, observing the
ferroelectric domains and vortices in epitaxial RMnOs thin films at room temperature has remained very
rare. We are aware of only one report.® If a similar trend holds same for polycrystalline films as seen in

ceramics, an increase in domain size resulting in a single domain.[’2 26°]

In polycrystalline hexagonal yttrium manganite thin films, Rayapati et al. reported that they observed
charged ferroelectric domains by SEM using low acceleration voltage (1.0 kV) with in-lens detector.[?]
They used in-lens detector instead of conventional secondary electron detector to avoid pronounced
topographic information. Bright and dark contrast regions were observed, and the authors concluded that
bright and dark regions correspond to upward and downward polarizations, respectively.

For comparison, SEM images with a low acceleration voltage of 1.0 kV were also captured by in-lens
detector on our film annealed at 800 °C, as presented in Figure 4.14. We also observe a bright and dark
contrast pattern. However, we have shown that this contrast originates from the presence of 0-YMnQs in h-
YMnOs; matrix. Hence, we think that the contrast observed in SEM in this case does not allow to support

the existence of ferroelectric domains in polycrystalline thin films.

Figure 4.14: SEM images of film annealed at 800 °C with in-lens detector and acceleration voltage of 1.0 kV. The

figures are from ref.[266]
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In order to get insight into the ferroelectric properties and domain structures of our films, vertical
piezoresponse force microscope (PFM) was carried out. Figure 4.15 shows the surface topography, PFM
amplitude and phase images for a film annealed at 750 °C. No topological clover-leaf like domain structures,
as seen in single crystals,[® ! are observed, but high and low amplitude regions (Figure 4.15b) and noisy
phase (Figure 4.15c). As discussed in previous sections, 0-YMnQOs is more conductive than h-YMnO:s.
Hence, the conductive phase could enhance the accumulation of surface charges, causing electrostatic
interactions between the tip and surface charges and therefore a higher amplitude.
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Figure 4.15: Vertical PFM images of pristine polycrystalline YMnOs thin film annealed at 750 °C. (a) Topography,

(b) Piezoresponse amplitude and (c) Piezoresponse phase images.

A region with h-YMnO; was further investigated by electrical poling measurements. A 2 X 2 um? area of
the film inside the white box marked in Figure 4.15 was poled through the tip by applying a DC bias of
+ 5V (half left) and -5 V (half right). Figure 4.16 shows the PFM topography, amplitude and phase images
of the film after poling. The surface topography remains unchanged after poling, as seen in Figure 4.16a.
Poling at -5 V leads to a partial change in phase contrast, compared to the pristine area outside the poled
area (see Figure 4.16c), suggesting regions of upward polarization; +5 V poling does not change either
amplitude or phase significantly, indicating that the pristine state is single domain with downward
polarization. However, the phase signal in the area with upward polarization has mixed bright and dark

contrasts, indicating that the upward polarization is not as stable and switches back to down direction.
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Figure 4.16: Vertical PFM images of polycrystalline YMnOs thin film annealed at 750 °C after electrical poling of
+ 5V. (a) Topography, (b) Piezoresponse amplitude and (c) Piezoresponse phase images.
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Mechanical switching via flexoelectricity has been demonstrated as a method to study electrical polarization
in ferroelectric thin films, where the stress gradient from an AFM tip can induce polarization switching
within nano-scale volumes.?8>2¢41 A mechanical switching experiment was performed on a 1 x 1 pm?
region by applying different loading forces from 150 to 1500 nN through the tip on a pre-poled area, as
illustrated in Figure 4.17a. Note that cantilever NSC14 was used for mechanical writing due to its larger
stiffness (force constant of 5 N/m). A sketch of the strain gradient and of the corresponding flexoelectric

field induced by the probe is shown in Figure 4.17b.

Figure 4.18a, b shows the PFM amplitude and phase images after the mechanical writing. When the loading
force increases from 150 to 1500 nN, the PFM phase contrast in the right of the image (initially electrical
poled upward) changes from bright to dark, suggesting the reversal of the polarization. Line scans were
extracted from the phase image, as marked lines (1, 2) shown in Figure 4.18b. As the initial upward poled
polarization was not stable, the phase change across both electrically poled regions with downward and
upward polarizations under lower loading force (as indicated by profile 1) is less than 60°. When the loading
force increases, the phase of the region poled upward decreases to be the same as that of the downward
poled area, shown as line 2 in Figure 4.18c. This observation indicates that the tip-induced stress results in
the inversion of the polarization from up to down as a result of flexoelectric switching. Since no voltage is

applied during the mechanical writing, charge injection or accumulation at the surface can be minimized.

(a) (X) @ (b)

150nN Mechanical
writing

T\

/

1500 nN
Tip bias Tip bias
+5V -5V

Figure 4.17: (a) Electrical poling with tip bias of + 5V and mechanical writing with loading force from 150 to 1500 nN.
(b) Sketch of the strain gradient and the flexoelectric field induced by the AFM tip by pressing the surface of YMnO3

during the mechanical writing.
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Figure 4.18: Vertical PFM images of a polycrystalline YMnOgs thin film annealed at 750 °C after mechanical writing
with different loading forces from 150 to 1500 nN. (a) Piezoresponse amplitude and (b) Piezoresponse phase images.

(c) Line scan of phase through the mechanical written area, corresponding to the lines marked in (b).

In summary, the typical domain pattern for h-YMnOs (six domains merging at a vortex line, see Figure 1.6
in Chapter 1) was not observed in the pristine state of polycrystalline h-YMnQO; thin films. However,
evidence of ferroelectricity was observed upon electrical and mechanical poling. According to a recent
study by J. SchultheiB et al.,?®®! the ferroelectric domain size of ErMnO; ceramics increases with decreasing
grain size. A single domain is reported for a grain size of ~ 1.5 um or lower. From this recent study on
ceramics, we can expect that our films have a single domain configuration (with a grain size of 40 + 15 nm).

From the writing/switching PFM experiments, the polarization is oriented downward.

4.4 Resistive switching in Pt/YMnNOs/Al devices

In this section, we investigate Pt/YMnOs/Al memristive devices with polycrystalline YMnOs films
containing a mixture of 0-YMnOs and h-YMnO; phases. The mixed phases are achieved by controlling the
annealing conditions of the amorphous YMnOs. The mechanisms involved in the switching behavior are

investigated. The impact of the microstructure and crystalline phase ratio will be discussed.
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4.4.1 Device fabrication

Figure 4.19 shows the process flow of Pt/YMnOs/Al stacks. Polycrystalline YMnOs films with thickness
of 75 nm and 215 nm were prepared on Pt-coated Si substrates (by E-beam evaporation) at room
temperature by RF sputtering using a RF power of 200 W and an Ar pressure of 10 pbar. The films were
annealed for 30 min in a quartz tube furnace under 1 atm of N at different temperatures (725, 800 and
900 °C, named as samples 725, 800 and 900). Pt/YMnOs/Al capacitive devices were fabricated with
~ 500 nm-thick Al top electrodes by lift-off process using photolithography and E-beam evaporation of Al.
We examined different active device areas, ranging from 1.12 x 10 to 11.00 x 10 cm?. In addition, to
study devices with single crystalline phase regions by conductive AFM, small circular Al top electrodes
with a thickness of ~ 60 nm and a diameter of 1.5 um were patterned using lift-off process with direct laser

writing lithography and thermal evaporation of Al.

(i) Preparation of polycrystalline YMnO; film

Annealed YMnO; film

RF sputtering and post-
deposition annealing in N,
at 725 - 900°C for 30 min

Lithography and metal
deposition

(i) Final MIM stack of Al/YMnO; /Pt (ii) Top electrode deposition

Deposited metal Al

g Photoresist
Lift off

Figure 4.19: Process flow of Pt/YMnOs/Al metal/insulator/metal (MIM) stack. (i) Preparation of polycrystalline
YMnO:s film. (ii) Top electrode deposition. (iii) Final MIM stack of Pt/YMnOs/Al.

4.4.2 Bipolar resistive switching of Pt/YMnOs3/Al devices

Current-voltage (I-V) measurements were conducted on Pt/YMnOs/Al devices. In the measurements, the Pt
bottom electrode was grounded and the DC voltage bias was applied to the Al top electrode (Figure 4.20a).
The leakage current densities at S0 mV of the pristine devices were measured for various device areas (see
Figure 4.20b) and were found to be area independent. The devices with an amorphous film (sample A) have
the smallest current density of ~10® A/cm?. The device with the film annealed at 900 °C show a higher

leakage current density ranging from ~ 10 up to 10 A/cm?. The large current density is due to the presence
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of pinholes (see Figure 4.9d, h). The devices fabricated with films annealed at 725 and 800 °C exhibit

current densities on the order of ~10¢ A/cm?.

To study the resistive switching characteristics of the devices, |-V curves were measured. A positive voltage
sweep was performed starting from the high resistance state (HRS). The sweep was from 0 to 5 V with a
sweep rate of 75 mV/s. When the voltage exceeds a threshold voltage (Vs.), the device transitions to a low
resistance state (LRS), which is known as the Set process. To avoid an irreversible hard breakdown of the
device, a compliance current of 500 pA was applied. To initiate the Reset process, a negative voltage sweep
was conducted, ranging from 0 to -1.5 V with a sweep rate of 75 mV/s. This results in a reduction in in the
current at the Reset voltage (Vreset), leading the device to switch from LRS to HRS.

(a) 100- (b) lData-Median
1+ ® Sample A
“ +-@® Sample 725
2 = Sample 800
Q 1072 } +-® Sample 900
S N . '
g NE 10-4 It B —.=
, ol
YMnO; film 5 . -
= 10 e
Pt/Ti/SiO,/Si O
10—8 s e L T -
10710 \ ‘

0 2 4 6 8 10 12
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Figure 4.20: (a) Sketch of the Pt/YMnOs/Al device under the bias. The Pt bottom electrode was grounded, and the DC
voltage bias was applied to the top Al electrodes. (b) Variation of the leakage current density of the pristine devices
with samples A, 725, 800 and 900 as a function of device dimensions. The read voltage is 50 mV. Note that the median
values and their corresponding median absolute deviations are represented. The figures are partially adapted from

ref.[266]

In the following, we focus on the Pt/YMnOs/Al devices prepared with films annealed at 800 °C, which are
composed of mainly h-YMnOj3; with ~10% 0-YMnQOs.

Figure 4.21a presents typical 1-V characteristic, showing a bipolar resistive switching behavior. The I-V
curve shown in red represents the first sweep with a switched voltage similar to the Set voltages of the
subsequent sweeps, indicating that the device does not need an electroforming process. Figure 4.21b
displays the Set and Reset voltages, whereas Figure 4.21c shows the HRS and LRS resistance values
(determined at 50 mV) for various device dimensions. The values of Vse (+1.71 £ 0.36 V) and Vgeset (-0.36
+0.08 V) are relatively low, and the Roer/Ron ratio is quite large, of the order of 103 to 10%. The resistance
in the LRS is independent of the device size, indicating that resistive switching is more likely to occur

through the formation of a conductive filament rather than through the movement of carriers distributed
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along an interface.?® The wide variability of HRS values and the area independence suggest that the
filament is only partially ruptured during the device switching from LRS to HRS. Retention measurements
were performed at room temperature (read voltage of 10 mV) for more than 6x10° s, showing no drift in
the ON and OFF states (Figure 4.21d).
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Figure 4.21: Characteristics of devices with a film annealed at 800 °C. (a) Typical I-V curves (15 cycles are shown).
The 1-V curve shown in red represents the first sweep. Variations of (b) Set, Reset voltages and (c) resistances in HRS
and LRS (read voltage of 50 mV) for different device areas. Three devices were measured for each device area. (d)
Retention of HRS and LRS for one typical device (read voltage of 10 mV at room temperature). For the box plot in

(b) and (c), median values and their corresponding median absolute deviations are represented. The figures are
partially adapted from ref.[256]

Electroforming-free bipolar resistive switching with Vse of + 0.98 £ 0.19 V and Vgeset 0f -0.44 + 0.22 V was
observed in the devices with the film annealed at 900 °C (Figure 4.22). Nevertheless, their endurance is
quite poor, as they remain in a conducting LRS after a few switching cycles without undergoing a Reset
process. This issue likely results from the presence of pinholes in the thin film (see Figure 4.9g, h). These
devices were not further investigated.

110



Chapter 4: YMnOs thin film-based electrochemical metallization (ECM) devices

Devices with the amorphous films do not exhibit any resistive switching behavior but rather remain in an
HRS or experience a single irreversible breakdown. This observation suggests that the resistive switching

behavior in the polycrystalline films likely occurs in crystalline grain boundaries and/or phase boundaries
between h-YMnOs and 0-YMnOs.
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Figure 4.22: (a) Typical 1-V curves (15 cycles are shown) of Pt/YMnOs/Al devices with a film annealed at 900 °C.
The first sweep is shown in red. (b) Distribution of resistances in HRS and LRS over switching cycles. Variation of
(c) Set and Reset voltages and (d) resistances in HRS and LRS states. The read voltage is 50 mV. Median values and

their corresponding median absolute deviations are represented. The figures are partially adapted from ref.[266]

In Figure 4.23, we compare the resistive switching behaviors of the devices containing different amounts
of secondary 0-YMnOs phase (sample 725 with ~52% and sample 800 with ~10%), both showing
comparable leakage current densities in their pristine states (see Figure 4.20b). Switching performances
such as the Set and Reset voltages, OFF and ON resistances (read at 50 mV), and retention exhibit similarity
across both types of devices. Thus, there appears to be no significant influence of the crystalline phase ratio
on the macroscopic resistive switching of the devices.
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Figure 4.23: Variations of (a) Set and Reset voltages and (b) resistances in HRS and LRS states of devices with films
annealed at 725 and 800 °C (read at 50 mV). (c) Retention measurements of HRS and LRS for sample 725 and sample
800 (read at 10 mV). Median values and their corresponding median absolute deviations are represented. The figures
are partially adapted from ref.[266]

4.4.3 Thickness effect

Figure 4.24a illustrates the I-V characteristics of a Pt/YMnO3/Al device based on a YMnOs film with a
thickness of 215 nm. Note that the device necessitates a forming step requiring a high voltage exceeding
30 V. In Figure 4.24b, Set and Reset voltages are shown. It is evident that for thicker YMnOs; films, the
device exhibits a higher Set voltage, which is consistent with a reduction in electric field with increasing
film thickness for a given voltage. The increase in Vs is proportional to the increase in thickness (from 75
to 215 nm). The significant variation observed in Vs aligns with the stochastic nature of filament growth
along multiple grain boundaries with thicker films. A thickness of 75 nm is preferred, to minimize Vs,
Vreset and their variabilities. This choice represents a compromise between the necessity for a thicker film
to potentially foster ferroelectric domains (for future co-development integrating resistive switching and
ferroelectricity) and the consideration of operational Set voltage and stochasticity.
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Figure 4.24: Typical 1-V curves (15 cycles are shown) of Pt/YMnOs/Al devices with a 215 nm-thick YMnOs film. The
I-V curve shown in red represents the first cycle (forming step). (b) Variations of Set and Reset voltages of Al/
YMnOs/Pt devices with 75 nm- and 215 nm-thick YMnOs; films. Median values and their corresponding median

absolute deviations are represented. The figures are partially adapted from ref.[266]

Compared to the reported polycrystalline YMnOgs-based resistive switching devices (see Table 1.2 of
Chapter 1), our devices exhibit the lowest operation voltages. We can conclude that the abruptness of both
Set and Reset operations, along with a high OFF/ON ratio of the resistances, and no dependence of the ON

resistance with device dimensions, collectively suggest a filamentary mechanism.

In the following section, we discuss electrochemical metallization (ECM) as the underlying mechanism

governing the resistive switching in our devices.

4.4.4 Discussion on the filamentary mechanism

An ECM memristive device operates based on the redox processes of the active electrode and the movement
of ions in the solid electrolyte. This process (Set operation) results in the formation of a metallic filament
on the passive electrode, giving rise to a LRS when it bridges both electrodes.[*"* 12l These redox reactions
are reversible, allowing the filament to be ruptured during the Reset process, returning the device to a HRS.

In Figure 4.25a, we observe the first positive voltage sweeps (0 > 5V - 0) for devices that failed to switch
under 5 V. Regardless of the device area, all I-V curves exhibit a current peak at around 1.7 V. Indeed, Al
undergoes oxidation to AI** ions at around 1.676 V.1%8 Subsequent cycles do not display such a current
peak, as shown in cyclic voltammograms in Figure 4.25b. It is attributed to the irreversible oxidation of Al,
leading to the formation of an Al,Oj3 layer,'?®”l which explains the absence of switching behaviors in these

devices. Figure 4.25c depicts cyclic voltammograms conducted at various sweep rates during the first cycle
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on several pristine devices. The observed increase in total current and the shift of the redox potential towards

more positive values with increasing sweep rates are consistent with a redox behavior.
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Figure 4.25: (a) First positive voltage sweeps (0 = 5V = 0) conducted on multiple devices unable to be formed
under 5 V, with various device dimensions in sample 800. (b) Cyclic voltammograms of Pt/YMnOs/Al devices for 4
cycles using a sweep rate of 75 mV/s. (c) Cyclic voltammograms of Pt/YMnOs/Al devices at different sweep rates.

The YMnOs films used for all devices have a thickness of 75 nm. The figures are partially adapted from ref.[266]

Pt/YMnQO3/Pt devices were investigated using the same |-V measurement parameters (applying voltage
from 0 to 5 or 10 V, with a sweep rate of 75 mV/s for the Forming/Set processes), to study the role of Al
electrodes. A distinct behavior is evident compared to Pt/YMnOs/Al devices. Within the range of £ 5V, no
resistive switching is observed (Figure 4.26a). However, resistive switching is observed in all devices upon
applying a high Forming voltage of ~ 9 V (Figure 4.26b). Given Pt's inert nature, no redox processes are
anticipated. The YMnOs/Pt Schottky barrier is significantly lower than that of YMnOs/Al, resulting in

considerably higher leakage currents.

A filamentary resistive switching mechanism is probable (evidenced by the abruptness of the Set process),
with stochastic Set voltages ranging from ~ 0.5 to 8.4 V. Note that a high voltage is not only required for

the forming step but is also needed for some Set processes. The large variability of Vse: suggests that the
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switching mechanism may mainly involve the formation or movement of defects already present in the
YMnOs active layer. The switching mechanism significantly differs for the devices with the Pt top electrode.
Therefore, for devices with Al top electrodes we exclude a switching mechanism primarily driven by the
formation or movement of defects in the polycrystalline film, and instead conclude that on an ECM-type

mechanism is the origin.
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Figure 4.26: 1-V characteristics of Pt/YMnQOs/Pt devices with (a) voltage sweep (0 > 5V > 0> -5V > 0) and (b)
voltage sweep (0 > 10V > 0 > -1.5V - 0). The sweep rate is 75 mV/s, and the compliance current is set at 15 mA.
In (b), the Forming voltage is recorded at 8.9 V. Set voltages vary within the range of 0.5 to 8.4 V. Note that cycles
#4 and #8 require a high Set voltage of 8.4 and 8.0 V, respectively. The figures are partially adapted from ref.[?6¢]

A schematic of the proposed ECM type mechanism in the Pt/YMnOs/Al stack and its typical 1-V
characteristics for resistive switching behavior are shown in Figure 4.27. As a positive bias is applied during
the Set process, the active electrode Al undergoes oxidation (at Vse~ 1.7 V) and the injected AI** metal
cations move towards the inert Pt electrode under the electric field. Upon reaching the surface of the Pt
electrode, they are reduced and form an Al filament, which grows as the subsequent Al** cations are reduced
(see A to B and C in Figure 4.27). When the filament bridges the two electrodes (or close enough to allow
tunneling), the current increases (D in Figure 4.27). Conversely, the Al filaments can be ruptured by
dissolution of Al in the film when a negative bias is applied, along with Joule heating effects during the

Reset process (see D to E and A in Figure 4.27).
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Figure 4.27: Schematic of the resistive switching behavior of the Pt/YMnOs/Al stack and its representative 1-V curve.
The device switches from a high resistive state (A) to a low resistive state (D) due to the electroformation of a
nanoscale conducting Al filament (B, C). The device switches back to the high resistive state by applying an opposite
voltage to rupture the Al filament (E). Partially adapted from ref.[17]

Cu and Ag metals are commonly chosen as the active electrode material in ECM devices.!'*”- 288231 When
Al is used with an amorphous electrolyte such as SiO», its strong affinity for oxygen leads to the formation
of a passive and stable Al,O; barrier. This barrier reduces current flow and subsequent oxidation, as
demonstrated by Luebbens et al.'?®’! The irreversible Al oxidation prevents oxidized Al from reverting to
its metallic state, thereby hindering Set/Reset operations.?®” Consequently, ECM resistive switching cells
combining Al and SiO, or any amorphous oxide are not commonly reported. In our switched devices, the
migration of AIP* ions likely occurs along oxygen-deficient defect lines such as grain boundaries,
facilitating the reversible formation of Al/AI** rather than Al,O3. While most devices with YMnO; annealed
at 725 and 800 °C transition to a LRS at a Set voltage of 1.7 £ 0.36 V, some exceptions exist (as shown in
Figure 4.25a), possibly due to the oxidation of Al to Al.O; upon AI** cation formation, particularly if a

percolation path through the grain boundaries is absent.

In our switching devices, the migration of the AI** ions towards the bottom inert electrode is driven by the

electric field at the Set voltage, along with the AI** reduction, Al nucleation, and growth of the Al filament.
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Several studies have highlighted that these processes do not necessarily require a large electric field. For
instance, ultralow voltages of 250 — 400 mV have been reported for Cu electrodes and dense 10 nm SiO;
films.[87. 1921 Additionally, specific microstructures and defect configurations within the electrolyte can
significantly impact ECM switching behavior. For example, ECM cells based on ITO/280 nm SiO»/Ag
exhibit a low switching voltage of only 0.2 V due to metallic Ag filaments growing in the nano-channels
of a porous SiO» film.I"”! In our devices, grain boundaries serve as migration channels for the AI** ions.
Furthermore, the relatively high roughness of the YMnOs polycrystalline films may contribute to the
relatively low operating voltage by promoting shorter migration paths as the electric field is the largest.

The characteristics of our devices, including high resistance values in HRS, a high OFF/ON ratio, abrupt
Set/Reset transitions, the absence of switching under reverse bias, and the observation of a Set voltage
corresponding to the potential of Al oxidation, as well as the comparison to devices with Pt top electrodes,

strongly support the attribution of the switching mechanism to the ECM type.[2%"]

We further investigated the resistive switching behavior of the pure hexagonal and orthorhombic phases, to
study the role of the YMnOs; phases and their phase boundaries in the formation of Al filaments. The
measurements were conducted using microscopic Al electrodes (~1.5 um diameter) locally patterned on
each of the two phases on the film annealed at 725 °C. Local conductance mapping and local I-V
measurements were carried out on the bare film and on the Al electrodes using c-AFM (Figure 4.28a). The
cantilever tip was grounded and the DC bias was applied to the bottom electrode, with the compliance
current set at 100 nA during the experiment. Given that both h-YMnO; and o-YMnO; are p-type
semiconductors,™¢ 278 the metal-semiconductor-metal structures are back-to-back Schottky diodes, either
in symmetric structures (Pt/YMnOs/Pt coated tip) or in asymmetric ones (Pt/YMnOs/Al), as schematically
presented in Figure 4.28b.

Figure 4.28c, d display topography and c-AFM current maps, respectively, where Al top electrodes are
denoted by white circles. Based on the Raman spectroscopy analysis discussed earlier, the highly and lowly
conductive regions in the film correspond to the orthorhombic and hexagonal phases, respectively.
Interestingly, no conduction is observed at the locations of the Al electrodes positioned in the orthorhombic
phase regions, a finding confirmed by I-V measurements shown in Figure 4.28e. We performed |-V
characteristics of four different stacks, including both symmetric back-to-back Schottky diode structures
(Pt/YMnOs/Pt coated tip) and asymmetric ones (Pt/YMnOs/Al). The distinct electrical properties of these
four configurations can be explained by energy band diagrams with different crystalline phases and

electrodes, as illustrated in Figure 4.29.
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Figure 4.28: (a) Sketch of the devices with Al top electrodes (diameter of 1.5 um and thickness of 60 nm) deposited
locally in regions of pure h-YMnO3z and pure 0-YMnO3 for c-AFM measurements. The cantilever was grounded, and
the DC bias was applied to the sample bottom electrode. (b) Sketches of the two types of stacks under study: Pt tip/h-
(0-) YMnOg3/Pt and Al/h-(0-) YMnOs/Pt. (c) Topography and (d) current maps measured with a DC bias of 1 V. White
circles represent locations of the Al top electrodes. (e) I-V curves measured at four different locations (I and 11: the tip
was directly positioned on the film, 111 and IV: the tip was positioned on Al top electrodes). The tip DC bias (relative
to sample bias) was: 0 > 10 V - 0 > -10 V - 0 and the compliance current was 100 nA. The I-V curves in semi-
logarithmic scale are shown in the inset. (f) 1-V characteristic of micro device Il and IV (marked in panel d), with tip
bias (relative to sample bias) 0 > 15 V. In addition, 1-V measurement with tip bias (from 0 = 5 V) on a macroscopic

device (100 x 100 um?) was performed for comparison. The compliance current was 100 nA. The figures are from

ref.[266]
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Figure 4.29a illustrates ideal 1-V characteristics of Pt/h-YMnOs/Pt and Pt/o-YMnQs/Pt devices. The stack
based on 0-YMnOs3 exhibits higher conductivity compared to the one with h-YMnOs. The symmetric I-V
curves reflect the symmetry of the electrodes, depicting two back-to-back Schottky barriers at the
Pt/YMnQO; interfaces. The current in the Pt/YMnOs/Pt stacks is governed by the Schottky barriers under
reverse bias. For a deeper understanding of the conduction mechanism, Figure 4.29b presents a schematic
energy band diagram with Pt electrodes, taking into account the electron affinity of YMnO; of 4.46 eV, [2%4
an energy band gap of 1.5 eV®1 and Pt’s work function of @p, = 5.12 eV.Y Since electron affinity data
for h-YMnOs and 0-YMnOgzare limited, similar values are assumed based on existing reports.[®": 2%4-2%] The
stack with 0-YMnOj3 exhibits higher conductivity, likely due to a higher concentration of Mn** ions in o-
YMnO3 compared to h-YMnQOs, resulting in an increased p-type conductivity.?”®! Consequently, when an
electric field is applied, holes (h*) may move from metal to oxide due to a narrower depletion region and to
a lower Pt/o-YMnOs Schottky barrier in highly doped p-type 0-YMnO; (Figure 4.29c). Conversely, in the
case of h-YMnOs, holes (h*) are unable to cross over the Pt/h-YMnOs Schottky barrier, leading to low
current prior to the hard breakdown of the stack, as illustrated in Figure 4.29d. This explains why 0-YMnOs
exhibits conductivity in the c-AFM current map under applied bias, while h-YMnQO;3; does not.

Now, let us discuss the stacks with top Al electrodes. Figure 4.29e illustrates the ideal I-V characteristics
of Pt/h-YMnOs/Al and Pt/o-YMnOs/Al (stacks Il and 1V). The asymmetric I-V curve of the Pt/o-
YMnOs/Al stack can be explained by the asymmetric band diagram, as shown in Figure 4.29f. The stack
contains different Schottky barrier heights at the two interfaces, arising from the distinct metal work
functions (@p, = 5.12 eV, 0, = 4.28 eV).*> 21 When a negative bias is applied to Al, the hole movement
induced current is dominated by the Pt/o-YMnO3 Schottky barrier, which is lower than the Al/o-YMnO3
one (Figure 4.29g). Conversely, with a positive bias applied to Al, the current is dominated by the Al/o-
YMnOs Schottky barrier, which is significantly higher than the Pt/o-YMnOs one and impedes easy across
by holes (h*), resulting in low current (Figure 4.29h). The current across the Al/h-YMnOs/Pt stack remains
low in both polarities, since both Schottky barrier heights at the metal/h-YMnOs interfaces are too high to
be crossed (not shown in Figure 4.29). This explains why no conduction is observed when measuring locally

with the Al electrodes (positioned as shown in Figure 4.28d).
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Figure 4.29: (a) Schematic ideal 1-V characteristics of OFF states of Pt/o-YMnOs/Pt (blue solid line) and Pt/h-
YMnOs/Pt (red dashed line). (b) Corresponding equilibrium energy band diagram of symmetric Pt/YMnO3/Pt, (c)
energy band diagram with bias of Pt/o-YMnOg3/Pt and (d) energy band diagram with bias of Pt/h-YMnOs/Pt. (e)
Schematic ideal I-V characteristics of OFF states of Al/o-YMnOs3/Pt (blue solid line) and Al/h-YMnQO3/Pt (red dashed
line). (f) Corresponding equilibrium energy band diagram of asymmetric Pt/YMnOs/Al, (g) energy band diagram with
Pt positive bias of Al/o-YMnOs/Pt and (h) energy band diagram with Pt negative bias of Al/o-YMnOs/Pt. The figures

are from ref.[266]

We investigated the resistive switching behavior of the micrometric-size Pt/YMnQOs/Al devices on single
h-YMnOs or 0-YMnOs by applying a DC tip bias from 0 to 15 V with a compliance current of 100 nA (see
Figure 4.28f). For comparison, we examined a 100 x 100 um? device as discussed in the previous section,
which comprises mixed hexagonal and orthorhombic YMnOs phases. In the case of the large device, an
abrupt increase in current is observed at a Set voltage of 4.6 V, indicating the occurrence of resistive
switching. However, no change in current is noted for the microscopic devices (at locations Il and IV of
Figure 4.28c, d), suggesting the absence of resistive switching behavior for voltages up to 15 V. With the
grain size of 40 = 15 nm, the microscopic devices contain at least approximately 30-40 grains of the same
phase. These observations suggest that Al diffusion and filament formation likely occur along the
boundaries between the orthorhombic and hexagonal phases (see Figure 4.30c), which are absent in the
microscopic devices prepared in a pure single phase, rather than along the grain boundaries between

adjacent grains of a same phase.

Further investigation is required to unveil nanoscale details regarding nature of the grain/phase boundaries.
This local c-AFM study shows the significance of boundaries between two phases of YMnO; in the

functionality of the devices.
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The fact that there is no resistive switching behavior in YMnOs-based devices with a single crystalline
phase indicates the key role of boundaries between the two crystalline phases in providing oxygen-deficient
paths for diffusion of AI** ions within the YMnO; film. These nanochannels for AI** migration enable the
utilization of Al as an active electrode. The ability to localize/control cation migration at the nanoscale level
presents an interesting avenue for ECM cells, as it mitigates much of the stochasticity associated with metal

cation migration from the active metal in the electrolyte.***!

Further research will be focused on the study of the mechanisms and their dynamics at the nanoscale within
these phase boundaries, with methods such as operando TEM offering promising avenues for

exploration.!'*

As a future perspective, it should be possible to fabricate nanoscale ECM cells that contain such a phase
boundary (highlighted by the red dotted line in Figure 4.30b, illustrated in Figure 4.30c) along with a few

nanograins on either side of the boundary (as marked by the blue box in Figure 4.30b).

Phase
boundary

(b)
h-YMnO;

WILEY avcHl

Figure 4.30: (a) SEM image of a polycrystalline YMnOs film annealed at 725 °C. (b) Sketch of the grains for the two
phases (hexagonal and orthorhombic) to illustrate the situation in the black circle marked in (a) at the boundary
between the hexagonal and orthorhombic phases of YMnOs. The dotted line represents the boundary between the two
phases. Nanoscale ECM cells could be fabricated on the area marked with the blue box. The figures are partially
adapted from ref.[?68 (¢) The migration of the AI®* and Al filament formation occur in the oxygen-free boundary
between the hexagonal and orthorhombic phases (in yellow and blue, respectively). This figure is the cover page of

the May 2024 issue of the journal Small Structures (volume 5, issue 5), where our work has been published (ref.[2%]),

4.5 Reconfigurability between capacitive and resistive states

The objective of the ForMikro-ERMI project (discussed in Chapter 3) was redirected towards
reconfigurability from a capacitive state (C) to a resistive state (R) in the devices described previously.
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Ferdinand Pieper, under the supervision of Prof. Dr. Bernhard Wicht at the Institute of Microelectronic
Systems, University of Hannover, designed a practical use case (depicted in Figure 4.31). He performed
the circuit design and subsequent simulation.

The devices are integrated into a frequency compensation circuit for stability and performance optimization
in DC-to-DC voltage converters in a closed-loop system (Figure 4.31).1**”! Frequency compensator shapes
the gain and phase characteristics of the system's feedback loop to ensure the stability and desired response
time. Integrating a reconfigurable R-C network into the feedback loop (7o in Figure 4.31) of a compensator
enhance its adaptability. Error amplifiers are commonly implemented to the compensator, adjusting
feedback signal gain and phase. The reconfigurable R-C network introduces an additional degree of freedom
by allowing dynamic adjustment of the compensator's frequency response. The equivalent circuits of the
devices in OFF and ON states include a capacitor in parallel with a resistor (Ce and Gg, respectively), and

a resistor (Re). Together with external capacitors (Cy, Cy), the circuit can be simulated to tune the frequency

response.
Vi
|
OFF ON G(s) — Power Stage _T_VM
ET L ET
o i Compensator R
Ce Ge IR | V| 1S
: : i A; + Im v, R <
1 — N >
o ! Z, NG Vet 23
C =k [ Z Error Amp =
T b s SRl

2

Figure 4.31: A real use case for the reconfigurable functionality (ERMI project). The devices are integrated into a

frequency compensation circuit, in which the reconfigurability between a capacitive state (OFF state with Cg, Gg) and
a resistive state (ON state, Rg) could change the circuit frequency response. This use case was designed by Ferdinand

Pieper from the group of Prof. Dr. Bernhard Wicht at the Institute of Microelectronic Systems, University of Hannover.

The reconfigurability between R and C of the Pt/YMnO3/Al devices with both patterned top and bottom
electrodes was investigated. Impedance measurements were performed with OPEN calibration, as shown
in Figure 3.10, to study the capacitive behavior in the OFF state. Resistance and capacitance values in
pristine and OFF states, as well as resistance values in ON states were determined from I-V measurements
and impedance measurements (see Figure 3.4). Figure 4.32 shows the R-C performance of devices with
areas of 15 x 15 pum? and 100 x 100 um? (same thickness of ~ 75 nm). The small devices show a strong

variability in the OFF state. The capacitance C as a function of device area A shows a linear relationship
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with a slope of 1.88 fF/um? (Figure 4.33). From this value, the dielectric permittivity (e,) of the YMnOg

films is calculated to be ~16, slightly lower than the values (~ 20) from the literature for thin films,[%. 301

(b) Area: 100 x 100 pm?2

(a) Area: 15 x 15 pm?2
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Figure 4.32: Resistance and capacitance values in OFF state and resistance in ON state of devices with device areas

of (a) 15 x 15 pm? and (b) 100 x 100 um?. The presented capacitances were recorded at a frequency of 10 kHz.
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Figure 4.33: Capacitances as a function of device area in OFF states (recorded at a frequency of 10 kHz).

The step response of frequency compensation in a DC-to-DC converter illustrates how quickly and
accurately the converter's output voltage stabilizes at the new desired level. To properly implement
frequency compensation within the circuit, a frequency compensator circuit was simulated with the
modelling parameters (Gg, Cg, Re, C1, C2) as shown in Figure 4.31. These parameters were carefully chosen
based on the actual electrical characteristics of our devices, aiming to adjust the circuit's loop gain to
mitigate phase lag effectively. Simulated step responses of the circuit with the devices in both OFF and ON
states are presented in Figure 4.34. The OFF state exhibits an overshoot and ringing, indicative of unstable
circuit behavior. Conversely, the ON state demonstrates zero overshoot, indicating successful compensation

of the simulated circuit.
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Figure 4.34: Simulated step response of frequency compensation circuit when the device is in OFF and ON states.
The modelling parameters involved in the circuit shown in Figure 4.31 are listed. The simulation was conducted by
Ferdinand Pieper from the group of Prof. Dr. Bernhard Wicht at the Institute of Microelectronic Systems, University

of Hannover.

The reconfigurable nature of the circuit, with its ON and OFF states, enables dynamic adjustment,
particularly valuable in adaptive control systems. Switching between these two compensation states allows
the circuit to dynamically adapt its behavior in response to changing operating conditions. During normal
operation, maintaining the circuit in the state with successful compensation ensures stable and optimal
performance, crucial for consistent operation. However, when the system encounters unexpected conditions
such as sudden load changes or external interference, the circuit can swiftly transition to the OFF state with
unsuccessful compensation. While this state may not provide optimal performance, it serves as a fallback
mechanism to mitigate issues and maintain essential functionality, ensuring the reliability and robustness
of the DC-to-DC converter.

In conclusion, the investigation of the reconfigurability between capacitive and resistive states in
Pt/YMnOs/Al devices has been conducted for potential application in frequency compensation circuits.
Results from impedance and I-V measurements indicate that the devices (100 x 100 um?) maintain stable
capacitance levels upon successive switching cycles. As expected the capacitance scales linearly with
device area. This study provides valuable insights into the feasibility of utilizing these devices for frequency

compensation circuits.
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4.6 Summary

e Polycrystalline YMnOs thin films with mixed hexagonal and orthorhombic phases were
synthesized by room temperature RF sputtering and post-deposition annealing in N, atmosphere at
temperatures ranging from 725 to 900 °C. X-ray diffraction is not sufficient to discriminate two
phases due to the low volume amount and nanosized grains leading to undetectable peaks or
overlapping peaks within hexagonal and orthorhombic phases.

o We developed a way to evidence unambiguously the presence of the orthorhombic phase, even in
few percent amount, to locate it and to quantitively estimate the fraction of the two crystalline
phases by correlative spectroscopies and microscopies (Raman spectroscopy, SEM, ¢c-AFM and

optical microscopy).

o Electrochemical metallization memristive devices with Al active electrodes were developed using
polycrystalline YMnOs thin films with ~ 10% and ~ 52% orthorhombic phase. These devices show
an electroforming-free bipolar resistive switching with a high Rorr/Ron ratio of 104, low Set (~
1.7 V) and Reset (~ -0.36 V) voltages, and good retention performance.

e The origin of the resistive switching is attributed to the formation and rupture of an Al filament via
electrochemical metallization along oxygen-deficient crystalline phase boundaries. These oxygen-
deficient paths provide nanochannels for AI** migration and remove the randomness of the Al
filament formation in the matrix, therefore, allow the use of Al as an active electrode, which

otherwise would be readily oxidized into Al,Os.

e The presence of both hexagonal and orthorhombic phases could significantly influence the physical
properties of the films. Hence, this study provides insights on more investigations into the potential

coexistence of polymorphs in other polycrystalline RMnOs films.

e Pt/YMnO3/Al devices can be integrated into frequency compensation circuits as demonstrated by
a real use case. The reconfigurability between capacitive (OFF state) and resistive (ON state) states

allows for changes in the frequency response of the circuit.
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Within the realm of multiferroelectric compounds, hexagonal ErMnO; stands out as one of the most
intensively researched systems. However, most of the studies to date were mainly focused on single crystals,
which limits scalability for integrating devices towards potential applications. In this chapter, we investigate
bipolar resistive switching behaviors in ErMnQOs thin film-based memristive devices. In a long term,
combining resistive switching with multiferroelectricity could offer additional functionalities for devices.["]

The hexagonal phase of ErMnOs is thermodynamically stable, with only a small difference in free energy
compared to the metastable orthorhombic phase.*! Previous works have shown that the orthorhombic
phase can be formed at high pressure, suggesting the presence of mixed crystalline phases in thin films due
to the substrate-induced strain.’* 251 |t is expected that the orthorhombic phase exhibits a higher electrical
conductivity than the hexagonal phase.?® 28] Hence, we propose to explore the impact of the crystalline
phases and their relative content on the resistive switching. The role of each will be investigated which may
provide a path to modulate the resistive switching behavior. There has been so far no report on resistive

switching in ErMnQO3; devices.

The chapter is organized as follows. We present the optimization of polycrystalline ErMnQs thin films in
Sections 5.1. We study the microstructure of the films using multiple characterization methods to identify
and quantify the different crystalline phases in Section 5.2. In Section 5.3, we explore the ferroelectric
properties of the films through polarization-voltage (P-V) measurements and time-resolved XRD. Then, the
resistive switching behavior is investigated in Pt/ErMnOs/Ti/Au stacks with minor o-ErMnQg in Section 5.4.
We study the impact of the crystalline phases and role of the top electrodes on resistive switching

performance in Sections 5.5 and 5.6, respectively. We summarize our results in Section 5.7.

5.1 Polycrystalline ErMnO3 thin film optimization

Polycrystalline ErMnQg thin films were prepared on different types of Pt coated Si substrates. The impact

of post-deposition annealing conditions on the crystalline phases and film microstructures was investigated.
5.1.1 Deposition on polycrystalline Pt coated Si substrates

Figure 5.1 illustrates the process flow to grow ErMnQOs either as a film or in pre-patterned areas. The
ErMnOs films were deposited on a Si/SiO»/Ti/Pt substrate by RF sputtering at room temperature in Ar
ambient, using a RF power of 200 W and an Ar pressure of 10 pbar (Figure 5.1a). Film thickness was

measured by spectroscopic ellipsometry.

Patterned ErMnQs structures were also prepared, the reason for this will be discussed later. Figure 5.1b
illustrates the process flow for growing pre-patterned polycrystalline ErMnQOs areas. Pre-defined areas were

patterned using photolithography (dimension of 100 x 100 um?). ErMnO3 was deposited by RF sputtering
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under the same conditions as previously mentioned. A lift-off process was used to remove the resist and
leave the patterned ErMnOs areas. Two different lift-off processes were tested. Residual resist along the
edges of the structures was observed after ultrasonic cleaning of ErMnOs on the patterned photoresist in
DMSO at 50 °C for 25 min. Clean structures with no resist residue were obtained after ultrasonic cleaning
in acetone at 50 °C for 1 h 40 min followed with rinsing by DMSO for 10 s. The structure thickness was
measured by AFM.

Post-deposition annealing was then performed to crystalize the ErMnOs. Different post-deposition
annealing conditions were studied. The annealing parameters are listed in Table 5.1.

(a)

Annealed ErMnO;

RF sputtering and
post-deposition
annealing

As-deposited _ Annealed ErMnO,
ErMnO, film @

Lift off
Post-deposition
annealing

RF sputtering of
ErMnO; film

Figure 5.1: Process flow of growing planar and pre-patterned polycrystalline ErMnO3 on Si/SiO/Ti/Pt substrates. (a)
Preparation of planar film with RF sputtering and post-deposition annealing. (b) Photoresist is patterned by
photolithography on Si/SiO./Ti/Pt substrate, followed with RF sputtering to obtain ErMnOs on the patterned

photoresist, subsequently annealed ErMnQg structures are obtained by lift-off and post-deposition annealing.

Table 5.1: Post-deposition annealing parameters. All the films or structures were deposited by RF sputtering with a
RF power of 200 W and an Ar pressure of 10 pbar.

Film thickness  Annealing temperature  Annealing time

Design Atmosphere
(nm) (°C) (min)
75 750 5 RTP — N3
71 700 30 Furnace — N2
Planar
71 750 30 Furnace — N2
71 800 30 Furnace — N3
71 750 30 Furnace — O2
Patterned 60 750 30 Furnace — N2
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The GIXRD pattern of an ErMnOs thin film annealed by rapid thermal processing (RTP) at 750 °C for
5 min in N2 is shown in Figure 5.2. The XRD peaks marked with dotted lines correspond to the Pt bottom
electrode (PDF 00-001-2680%¢]), Most of the XRD peaks can be attributed to cubic Er,Os (c-Er,Os, PDF
03-065-3175E%]), and some of them can be assigned to hexagonal ErMnO3; (h-ErMnQs;, PDF 04-016-
17825, orthorhombic ErMnO3 (0-ErMnQgs, PDF 04-014-5221E%) orthorhombic ErMn,0Os (0-ErMn;Os,
PDF 00-050-0296!"4) and orthorhombic MnO, (0-MnO., PDF 01-087-9108 %), This film crystalizes
mainly in the c-Er.O3 phase, which pints to a deficiency in Mn element.

The surface morphology of the film after RTP (Figure 5.3a and b) shows a dense and uniform microstructure
consisting of sub-100 nm grains and of larger grains of few 100 nm in size. The EDX compositional analysis
of both types of grains (marked as 1 and 2 in Figure 5.3c) is given in Table 5.2. A similar percentage of
elements is observed at both locations and both exhibit Mn deficiency. These findings are consistent with
the XRD results, showing that the film is mainly composed of c-Er.0s. Mn loss during the RTP might be

associated with the rapid heating and cooling rates.
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Figure 5.2: GIXRD pattern of an ErMnOg3 thin film annealed in N2 by RTP (as shown in Table 5.1).
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(@) (b)

Figure 5.3: (a) and (b) SEM images of a ErMnOs thin film annealed in RTP at 750 °C for 5 min in N with the
acceleration voltage of 10.0 kV and in-lens detector. (c) SEM-EDX image of this ErMnOs thin film with the
acceleration voltage of 20.0 kV. The atom percentage of elements of the two different locations marked 1 and 2 in (c)

are listed in Table 5.2.

Table 5.2: Atom percentage of elements investigated by SEM-EDX (acceleration voltage of 20.0 kV) on the two
different locations (marked 1 and 2 in Figure 5.3c) of a ErMnQs thin film annealed in RTP at 750 °C for 5 min in Na.

(%) O-K Si-K Ti-K Mn-K Er-M Pt-L
1 4578+120 6.61+031 173+011 475+033 13.88+041 27.24+081
2 4231+379 11.20+0.82 245+055 418+0.78 1213176 27.74+2.60

For all further investigations, we performed post-deposition annealing in a conventional quartz tube furnace
to avoid Mn loss. Figure 5.4 shows the GIXRD pattern of a film annealed in O at 750 °C for 30 min. It
indicates the presence of secondary phases such as 0-ErMn;Os, 0-MnO; and c-Er,Os. The oxygen
atmosphere favors the formation of secondary phases such as ErMn,0s, MnO- and Er,0Os.
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Figure 5.4: GIXRD pattern of an ErMnQs films annealed in O in a furnace (as shown in Table 5.1).

To obtain the targeted stochiometric ErMnOs crystalline phase(s), an inert N2 atmosphere was used for
annealing. Films were annealed at different temperatures ranging from 700 °C to 800 °C for 30 min in N
(Figure 5.5). At 700 °C, the films were not well crystallized. At 750 °C, the films show a majority of h-
ErMnOs; and a minority of metastable 0-ErMnQs. The trend is similar at 800 °C with a slight increase in o-
ErMnOsa.

Considering the thermal budget of Pt coated substrates and the observation that the film annealed at 750 °C

reveals a higher proportion of the h-ErMnOs3; phase, we selected 750 °C in an N, atmosphere for our study.

The lattice parameters of the film are listed in Table 5.3. The values of the film closely match those of

single crystal prepared under atmospheric pressure.

Obtaining pure h-ErMnOs films is challenging due to the potential appearance of the secondary phase o-
ErMnOs. It results from the small difference in free energy of RMnO3 formation from R,03 and Mn,O5!**
%61 for ErMnO; between the thermodynamically stable hexagonal and the metastable orthorhombic phases.

This phenomenon is illustrated in Figure 1.3 in Chapter 1.
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Figure 5.5: GIXRD patterns of ErMnQj thin films annealed in N in a furnace for 30 min at different annealing

temperatures (as shown in Table 5.1).

Table 5.3: Lattice parameters and unit cell volume of hexagonal phase in the ErMnOs; film and structures annealed at

750 °C for 30 min in Nz in a furnace, and of ErMnOs single crystal from ref.[50]

taken as a reference. The in-plane a and out-of-plane c lattice parameters were
peaks — 004 and 112, respectively.

The 111 peak at 20 = 40.0° of Pt was

calculated from the highest intensity

In plane Out of plane Volume of cell
Samples ) )
lattice a (A) lattice ¢ (A) (A3
Single crystal (0 GPa)l! 6.12 11.41 370.28
Film 6.10 11.38 366.47
Structures 6.03 11.34 357.88

Figure 5.6 presents the surface morphology of the films annealed at 700, 750 and 800 °C. All films show

regions of bright and dark contrasts and crystallites with grain sizes of ~ 50 nm. As the annealing

temperature increases, more bright regions appear. The origin of these dark/bright contrasts will be explored

in the coming sections.
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Annealed at 700 °Cin N, Annealed at 750 °Cin N, Annealed at 800 °C in N,

Annealed at 700 °C in N, : Annealed at 750 °Cin N, Annealed ét 800 °C.in N,

Figure 5.6: SEM images of films annealed at different temperatures for 30 min in N in a furnace with the acceleration

voltage of 10.0 kV and in-lens detector.

Figure 5.7a, b, ¢ shows topographic information of an as-deposited film, as studied by AFM and SEM.
After annealing at 750 °C for 30 min in N, the film becomes rougher (Figure 5.7d) and shows buckling in
both AFM and cross-section SEM images (Figure 5.7e, g, f). The buckling effect often appears as the film
is under compressive stress after the annealing process, as illustrated in a sketch in Figure 5.7h.
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Figure 5.7: (a, b) AFM and (c) SEM images of an as-deposited ErMnOs film. (d, €) AFM, (g) AFM 3D and (f) SEM
images of a film annealed at 750 °C in N2 in a furnace. (f) Sketch of typical thin film failure mode (buckling) due to

compressive straining.*%] SEM images were taken with in-lens detector and acceleration voltage of 5.0 kV.

The GIXRD pattern of the ErMnQj3 square structures annealed at 750 °C for 30 min in N3 is shown in Figure
5.8, and compared to the one of a continuous film. Pt is used as a common reference. The annealed ErMnO;
structures consist of a majority of hexagonal and a minority of orthorhombic ErMnOs crystalline phases.
Compared to the continuous film, the intensity of the XRD peaks is lower, which we attribute to the smaller
overall volume of the structures. The peaks for the ErMnQg; structures are shifted towards larger angles

(smaller interplanar spacings), indicating smaller lattice parameters (listed in Table 5.3).

For the ErMnQj3 structures, there is no buckling observed, as shown in Figure 5.9. The structures (area of
100 x 100 um?) can undergo strain relaxation at the edges during the annealing, preventing global buckling,

while the continuous film experience uniform compressive strain throughout its surface.
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To conclude, patterned ErMnQs structures on polycrystalline Pt coated Si substrate after annealing at

750 °C under N for 30 min in a furnace, show buckling-free ErMnQOs. These structures will be further

characterized in the following sections.
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Figure 5.8: GIXRD patterns of an ErMnOs film and ErMnOs structures (both annealed at 750 °C for 30 min in Nz in

a furnace).
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Figure 5.9: (a-c) AFM images with different scan area sizes and (d) AFM 3D image of ErMnOs; structures annealed

at 750 °C for 30 min in N in a furnace.
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5.1.2 Deposition on textured (111) Pt coated Si substrates

The Pt substrates used in the previous section are polycrystalline. In this section, we investigate the use of
textured (111) Pt for ErMnOs growth. Local epitaxy on each Pt grain may occur.

The lattice mismatch between the hexagonal ErMnO; and Pt is explained in Figure 5.10. The (111) plane
of the Pt layer has a hexagonal structure, as sketched in Figure 5.10a. There are two possible arrangements
of ErMnOs on Pt. The lattice arrangement shown in Figure 5.10b may be unstable due to a lattice mismatch
of up to 11.6% (Equation 5.1). A more stable configuration, illustrated in Figure 5.10c, involves a 30°

rotation between ErMnOs and Pt, reducing the lattice mismatch to a tensile strain of -3.3% (Equation 5.2).

lattice mismatch = [agyo(crystal) — 2ay_p¢]/2an_pt Equation 5.1

lattice mismatch = [V3agyo(crystal) — 4ay_p.|/4an_p; Equation 5.2

where a is the in-plane lattice parameter.

(a) (b) (c)

h-ErMnO; /

(((((((((

(((((((((((((
((((((((((( No rotation for lattice mismatch: With 30° rotation for lattice mismatch:
s [agramo, (crystal) = 2an_pV2an-pe  [V3apmo,(crystal) = Aan—p Vaan_p;

Figure 5.10: (a) Sketch of cubic Pt with (111) plane and its Pt layer in the hexagonal structure. Schematic diagram of
the in-plane epitaxial relationships between hexagonal ErMnOs film and (111) Pt layer while (b) without and (c) with

30° rotation. The lattice mismatch was calculated respectively.

Commercial Si/SiO»/TiO2/(111) Pt substrates from MTI Corporation were used (the inset of Figure 5.11).
The XRD pattern recorded on Pt substrate is shown in Figure 5.11. The FWHM of the rocking curve of the
111 peak is of 1.659°, which confirms the 111 texture.

138



Chapter 5: ErMnOs thin film-based valence charge memory (VCM) devices

2

— 300 nm SiO, ;
o A 8
- P-type Si o
L 2
= Pt 111 g
>
=
0
C
0}
)
=
20 30 40 50

20 (degree)

FWHM = 1.659°

L'

T T T T T
16 18 20 22 24

w (degree)

|
60

70

Figure 5.11: 2theta-» scan of a commercial substrate (111) Pt/TiO./SiO/p-type Si, as sketched in the inset. The X-

ray rocking curve of Pt 111 has a FWHM of 1.659°.

ErMnO; films were deposited by RF sputtering at room temperature with a RF power of 200 W and an Ar

pressure of 10 pbar. The thickness of the as-deposited ErMnQ; thin films (~ 70 nm) was determined by

spectroscopic ellipsometry. After post-deposition annealing at 750 °C for 30 min in Nz, the films consist of

different fractions of hexagonal and orthorhombic ErMnOs; phases, despite using the same sputtering

conditions (Figure 5.12). The reproducibility is lower on commercial textured Pt substrates compared to E-

beam evaporated polycrystalline Pt substrates, although the reason for this is not clear.
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Figure 5.12: GIXRD patterns of the commercial (111) Pt/TiO./SiO./Si substrate, as-deposited and annealed ErMnQ3

films (all annealed at 750 °C for 30 min in N2 in a furnace).
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As observed in AFM images (see Figure 5.13a, b), the crystalline grains of the as-deposited films grow
along the Pt crystallites. The roughness of both as-deposited and annealed films is similar to that of the Pt
substrate (RMS ~ 2 nm, see Figure 5.13a-c), and much lower than that of films (RMS ~ 9 nm) grown on E-
beam evaporated polycrystalline Pt substrates. No buckling is observed in the annealed films (Figure 5.13d).

" “CRMS " =2:0%6 fipd
ar’ '$"A_2f'in‘¢ale_.d"

Figure 5.13: AFM images of (a) commercial Pt substrate. (b) as-deposited ErMnOs film. (c) annealed ErMnOs; film
(750 °C for 30 min in N2 in a furnace). (d) AFM 3D image of the annealed ErMnOs film.

5.2 ldentification and quantification of the crystalline phases

The 0-ErMnO; phase (metastable phase) easily appears in polycrystalline hexagonal ErMnOQOs thin films.
GIXRD often does not allow to accurately quantify the fraction of both crystalline phases, because many
peaks cannot be unambiguously assigned to either phase. In this section, we develop a method to
quantitively determine the amount of each crystalline phase.

All ErMnOs structures were grown on polycrystalline Pt coated Si substrate. Optical microscope and SEM
images are shown in Figure 5.14a, b. Both types of images exhibit regions of bright/dark contrasts, with
similar features. Composition and topography are the two dominant factors which are responsible for the
contrasts. Dennis Meier et al. reported an SEM investigation of ErMnQs; single crystals and associated
bright and dark areas to upward and downward ferroelectric domain polarizations, respectively.%: 3071
Therefore, to disambiguate between the different possibilities of the origin of the contrast, we performed

Raman spectroscopy on the area indicated by the yellow box in Figure 5.14a, b to gain local information.
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Figure 5.14: (a) Optical microscopy and (b) SEM image of the annealed ErMnO3 structure (at 750 °C for 30 min in
N2 in a furnace) on polycrystalline Pt coated Si substrate (by E-beam evaporation). (c) Raman intensity map based on
the mode A1(TOy) at 682 cm™* from h-ErMnQO; phase, which is mapped within the yellow box marked in (a) and (b).
(d) Two Raman spectra with their fitted Raman modes representing positions with markers — red and blue stars
indicated in (a) and (b). (e) Current and (f) topographic maps collected from the green rectangles shown in panel (a)
and (b) with conductive-AFM (c-AFM) on annealed ErMnQg structure.

Raman spectroscopy mapping was performed with the intensity of the A1(TOog) mode at 682 cm™ (scan size
of 6 x15 um?, beam size of 1 um and spatial resolution of ~ 1 um). This mode corresponds to the apical
oxygen atoms (O1 and O2) stretching along the c-axis in hexagonal ErMnQ; phase and is associated with
the tilting and trimerization of MnOs polyhedra.[**> ¢l This mode is absent in the orthorhombic phase. The
Raman intensity map shown in Figure 5.14c presents two distinct regions colored in blue and red, based on
the intensity of the peak at 682 cm™. Figure 5.14d displays two typical Raman spectra marked with red and
blue stars, performed in these two regions. The spectra are indexed with the Raman modes, and spectral
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positions are compared to those of a single crystal (Table 5.4). The spectrum obtained from the spot marked
with blue star indicates the presence of pure hexagonal phase, while the spectrum from the region marked
with red star indicates the presence of orthorhombic phase with a minor contribution from the hexagonal
phase.

Table 5.4: Raman active modes of references (single crystals) and experimental data.

Reported Reported Spectrum in blue Spectrum in red
h-ErMnQs*41 0-ErMnQs2%l [This work] [This work]
E2(5) 218 Biy 280 E2(5) 225 B 287
E2(8) 295 Ay 316 E2(8) 306 Ay 320
Ex(11) 417 A, 490 Ex(11) 431 A, 498
E1(TO14) 639 A, 520 E1(TOu4) 642 A, 518
A1(TOs) 683 Biy 610 Ay(TO,) 682 Biy 616
653% 649

A1(TOg) 682

a) Raman shift is not related to a proper vibration mode from 0-ErMnO3E%! it might be from defects?’”1 or

contributions from zone-boundary phonon!?7l,

Comparing the Raman intensity map with the optical and SEM images indicates that low brightness in
optical microscopy and high secondary electron yield in SEM are signatures of the 0-ErMnOs crystalline
phase. Vice versa, high brightness in optical microscopy and low secondary electron yield in SEM are
signatures of the h-ErMnO; crystalline phase. The bright regions observed in SEM exhibit irregular and
discontinuous shapes. Hence, each measured spot (1 x 1 um?, Raman spectroscopy spatial resolution) might
include small amounts of the surrounding hexagonal phase, which explains the detected Raman mode

A1(TOg) from h-ErMnQO3 in the Raman spectrum at the position of the red star.

The presence of the orthorhombic phase in the hexagonal phase matrix is further confirmed by c-AFM
measurements. The c-AFM spatial mapping was performed on the area indicated by the green box in Figure
5.144a, b. During the measurement, the platinum coated tip was grounded, and a sample bias of 1.5 V DC
voltage was applied. The current image of the mapped area is presented in Figure 5.14e. The highly

conducting regions correlate directly to the dark and bright regions in the optical and SEM images,
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respectively (Figure 5.14a, b), identified as 0o-ErMnQO; by Raman spectroscopy (Figure 5.14c). Previous
studies have shown that 0-ErMnOj; contains a higher amount of Mn** ions than h-ErMnOs,?® resulting in
increased conductivity.['%! The high conductivity of 0-ErMnOj is fully consistent with our c-AFM results.
The topographic image shown in Figure 5.14f reveals no significant surface morphology difference between
the highly and lowly conductive regions. We can therefore exclude topographic contribution on the
observed bright/dark contrast in the optical and SEM images.

From these correlated microscopy and spectroscopy analyses, we clearly identify the presence of the
orthorhombic phase in the polycrystalline hexagonal EMnOs, which cannot be determined by X-ray
diffraction due to either low volume amount and nanosize grains leading to non-detectable peaks and/or the
fact that several peaks of the hexagonal and orthorhombic phases overlap or are very close. The optical
microscopy images clearly reveal the presence of distinct bright and dark contrast regions corresponding to
the hexagonal and orthorhombic phases, respectively (Figure 5.14a). Hence, optical microscopy offers a
rapid and straightforward method to assess the coexistence of both phases and enable a quantitative analysis.
We assume that the orthorhombic phase regions extend down to the bottom interface (Pt substrate) since

we can detect them by c-AFM.

Optical microscopy images were captured on individual ErMnOs structures (100 x 100 pm?).
Representative images with different fractions of dark/bright regions are presented in Figure 5.15a-c, which
were then processed with signal processing algorithms to separate the bright and dark areas representing
orthorhombic and hexagonal phases, respectively. With this method, we estimated the fraction of the two
crystalline phases in the selected areas. The results of the segmentation treatment of the optical images are

displayed in Figure 5.15d-f, with various 0-ErMnQ; fraction ranging from 1.6 to 49.5%.

Figure 5.15: (a-c) Optical microscope images with different fraction of bright/dark regions. (d-f) The results of the
segmentation treatment of images regarding bright/dark regions for estimation of fraction of dark region area (o-
ErMnOs).
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5.3 Ferroelectric properties

The remanent polarization (P;) of ErMnOs single crystals is around 5.5 pC/cm? (measured at 1 kHz and
120 K).B11 Epitaxial ErMnO; thin films deposited on epitaxial (111) Pt coated Al,Os substrates were
reported to have a P, value of 1.3 uC/cm? at 1 kHz and 150 K.[**% No room temperature P value has been

measured in epitaxial films to date due to high levels of leakage currents.

The polarization of a polycrystalline ErMnOs thin film is expected to be lower than that of a single crystal,
since polarization occurs only along the c-axis of the hexagonal phase. Here, films with a majority of

hexagonal phase were selected to study their ferroelectric properties.
5.3.1 Polarization-voltage measurement

In this section, we studied the polarization of polycrystalline ErMnO; films by ferroelectric hysteresis
measurements conducted at room temperature and 77 K (the low-temperature measurements were
performed by Maximilian Winkler in the group of Experimental Physics V from the University of
Augsburg).

The ferroelectric hysteresis measurements at 77 K required wire bonding for contacting the device
electrodes. The devices were designed as schematically shown in Figure 5.16, where the micro-sized
devices could be contacted via gold wire bonding with silver paste. An insulating SiO; layer (~ 200 nm-
thick) was deposited by PECVD and patterned by laser lithography and on the planar polycrystalline
ErMnOs thin film. Subsequently, top Pt electrodes (~ 125 nm-thick) were patterned by lift-off (laser
lithography and DC sputtering). Pt/ErMnOs/Pt capacitive devices with dimensions ranging from 30 x 30
to 70 x 70 um? were fabricated (Figure 5.16).
(a) ** (b)

Wire
Silver

aste Silver /
. aste,
Wire i B
B

125 nm Pt

Silver

aste 60 - 200 nm ErMnO; film

Deposit ~200 nm SiO, layer

Top view Wire ide vi

Figure 5.16: Schematics of designed device structure for PE hysteresis loop measurements in (a) top view and (b) side

view.
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To avoid the buckling effect observed in planar films deposited on polycrystalline Pt coated Si substrate
(E-beam evaporated Pt), the films were instead deposited on Pt/Ta/SiO,/Si substrates prepared by DC
sputtering of 50 nm Pt and 20 nm Ta (as adhesion layer) on SiO; (1um)/Si wafers. No buckling is observed
in these films (Figure 5.18).

The sputtered Pt is found to be polycrystalline Pt (Figure 5.17) with relatively low surface roughness (RMS
value of 0.26 nm, as shown in Figure 5.18). ErMnOs films (~ 60 and ~ 200 nm-thick) were deposited on
these substrates by RF sputtering at room temperature with a RF power of 200 W and an Ar pressure of
10 pbar, followed by post-deposition annealing at 750 °C for 30 min in N». The presence of mostly
hexagonal ErMnOs phase is evidenced by XRD (Figure 5.17). The 60 nm-thick ErMnOs film shows a much
lower crystallinity. The lattice parameters of 200 nm-thick film (listed in Table 5.5) indicate that the cell
volume is slightly larger than that of a single crystal prepared under atmospheric pressure. It suggests the

absence of compressive strain in the films, which may explain the absence of buckling.
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Figure 5.17: GIXRD patterns of the sputtered Pt/Ta/SiO,/Si substrate, ~60 and ~200 nm-thick ErMnO3 films annealed
at 750 °C for 30 min in Nz in a furnace.

Grain growth of the Pt/Ta thin films is observed after the annealing (Figure 5.18c, f), resulting in increased
roughness and the possibility of inclusion of metallic Ta particles within Pt grains (as reported in ref.),
The polycrystalline ErMnOs film deposited on this substrate exhibits similar round particles (see bright dots
in Figure 5.18d, g). The non-particle area in the film shows a relatively low RMS value of only 0.35 nm, as

observed in Figure 5.18e.
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Table 5.5: Lattice parameters and unit cell volume of hexagonal phase in 200 nm-thick ErMnOs3 film annealed at

750 °C for 30 min in N2 in a furnace, and of ErMnO3 crystal from ref.[% The 111 peak at 26 = 39.75° of Pt was taken

as a reference. The in-plane (a) and out-of-plane (b) lattice parameters were calculated from 004 and 112 peaks.

In plane Out of plane Volume of cell
Samples . .
lattice a (A) lattice ¢ (A) (A3)
Single crystal (0 GPa)l*"! 6.12 11.41 370.28
~200 nm 6.15 11.36 373.22

Pt before annealing

(c) . Pt after annealing®

(55"

()i JPt aﬁer"a{nnealing 8 e

, Pt beforé annealing
.+ RMS = 0,26'im

85 nm [B) Annéaed ErMnO3 film
* RMs =.35nm

(9)  Annealed ErMnO; film

Figure 5.18: AFM images of Pt/Ta/SiO»/Si substrate (a, b) before and (c) after annealing at 750 °C for 30 min in N>.
AFM images of (d) 60 nm-thick ErMnOs film annealed at 750 °C for 30 min in N.. () AFM image of the area marked
as blue box in (d). SEM images of (f) Pt/Ta/SiO./Si substrate and (g) 60 nm-thick ErMnOs film after annealing at

750 °C for 30 min in Na.
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Polarization-electric field (P-E) hysteresis loops were recorded at room temperature using a triangular

signal at 1 kHz (Figure 5.19a). This P-E loop shape indicates a leaky dielectric. Figure 5.19b presents a P-

E hysteresis loop recorded by PUND measurement. Ferroelectricity could not be proven.
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Figure 5.19: Polarization-electric field (P-E) hysteresis loop (1 kHz) of 60 nm-thick polycrystalline ErMnOs thin film

at room temperature by (a) Dynamic hysteresis and (b) PUND measurements. The device area is 30 X 30 um?2.

To decrease the large leakage currents of ErMnOs; and perform reliable measurements, PUND

measurements were performed at 77 K (25 Hz), as displayed in Figure 5.20a. A thicker ErMnOs film with

potentially stronger polarization was measured. The P-E hysteresis loop is shown in Figure 5.20b. A linear

dependence of P with E is observed, typical for a dielectric. No ferroelectric behavior is observed, and the

reason for this remains unclear. ErMnOs is known to be an improper ferroelectric, and previous studies

have shown that size reduction does not significantly impact polarization, as indicated by second harmonic

generation measurement during the growth of epitaxial films.!**? Therefore, the nanometer-scale grains are

not expected to significantly impact the resulting polarization.
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Figure 5.20: (a) PUND measurement of ~200 nm-thick polycrystalline ErMnOjs thin film with frequency of 25 Hz at

77 K. (b) P-E hysteresis loop is obtained from (a) and the curves with different colors refer to each pulse accordingly.
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5.3.2 Piezoelectric response

Time-resolved X-ray diffraction was performed at BESSY I, beamline XPP-KMC3, in collaboration with
Dr. Thomas Cornelius from the Institute Matériaux Microélectronique Nanosciences de Provence
(Marseille, France) and Dr. Matthias Réssle from HZB/Uni Potsdam. 200 nm-thick polycrystalline ErMnO3
structures were studied. This measurement was performed to investigate the real-time structural changes

(lattice parameters) under an electric field during PUND measurements.

Square-shaped W top electrodes with dimensions of a few hundred micrometers were patterned and
deposited by photolithography and DC sputtering on top of the ErMnQ3 structures, which were deposited
on E-beam evaporated Pt coated Si (see device structure in Figure 5.21a). During the experiments, the top
electrodes were connected with a tungsten tip, and PUND electric field pulse sequences with a frequency
of 2 kHz were applied. The incident X-ray beam was illuminated exclusively onto the contacted electrode.

The X-ray diffraction patterns were monitored using a 2D PILATUS pixelated detector.

Figure 5.21a shows the applied PUND pulse sequence as a function of time with the specific times at which
X-ray diffraction patterns were recorded shown in colors (see a representative example in Figure 5.21b).
During the application of the electric field, the shifts of the Bragg reflections 004 and 112 were used to
determine the piezoelectric strain in ErMnOs. The diffraction peaks were fitted using a Pseudo-Voigt
function (peak center and peak width were obtained). The peak 112 was deconvoluted with 2 peaks. The

strain was calculated from the change in lattice parameters, defined by Equations 5.3 and 5.4.

_ a(E)-a(E=0) .

e(E) = T aE=0) Equation 5.3
__a(t)—a(t=0) .

e(t) = al=0) Equation 5.4

where ¢ is the strain, a is the interplanar spacing, E is the applied electric field and t is the delayed time.

The Bragg peak width provides insight into the material disorder, such as strain distribution and domain

orientation, which can indicate ferroelectric domain switching during the application of an electric field.'!
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Figure 5.21: (a) Transient of the applied PUND pulse sequence. The dots illustrate the times at which diffraction
patterns were recorded to follow the induced strain in the ErMnQj3 structures. Schematic of device W/ErMnQOgz/Pt is
shown in an inset. (b) The diffraction patterns recorded at delay times shown in (a) at the applied voltage of 10 V. 004

and 112 Bragg reflections from hexagonal ErMnO3 were studied. Peak 112 can be deconvoluted to be two peaks.

The induced strains measured as a function of voltage using the Bragg peaks 004 and 112 are presented in
Figure 5.22a-c. The strain values increase when the applied voltage exceeds 8 V. The strain determined
from the 004 peak is about 4 times larger than that from the 112 peaks, suggesting a stronger piezoelectric
response along the polarization direction (c-axis orientation). However, the strain value is only a few 10*
at the highest applied electric field (500 kV/cm), which is within the resolution limit of the experimental
setup. The weak piezoelectric coefficient of ErMnQs, reported to be at the order of 1 pm/V,E* would result
in a strain of 5x10° for 10 V. Figure 5.22d-f present the peak width (o) of the 004 and 112 peaks as a
function of applied voltage. No significant difference is observed between the peak widths with or without

electric field. We could not determine a piezoelectric coefficient from these experiments.

In future experiments, a higher electric field will be applied to ensure that the measured strain does not fall

within the resolution limit, thus inducing a higher strain in ErMnOs.
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Figure 5.22: (a)-(c) Strain, (d)-(f) o from fitted diffraction Bragg peaks as a function of the applied voltage for 004
and 112 (deconvoluted to two peaks pl, p2) Bragg peaks.

5.4 Valence change memory (VCM)-type Pt/ErMnQOs/Ti/Au devices

5.4.1 Device fabrication

Figure 5.23a illustrates the Pt/ErMnQOs/Ti/Au device fabrication based on pre-patterned ErMnOs structures
on E-beam evaporated Si/SiO,/Ti/Pt substrates. To pattern the top metal contacts, a photoresist layer was
spin-coated on the annealed ErMnQO3 structures and exposed by photolithography. A 20 nm-thick Ti layer
and a 50 nm-thick Au capping layer were then deposited using thermal evaporation. Finally, the top
electrodes were obtained by lift-off. The device dimensions are of 95 x 95 um?2. More details about the

growth and characterization of the ErMnOs structures were shown in Section 5.1 and 5.2.
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Figure 5.23: Schematics of the device fabrication process and film characterization. (a) Fabrication process flow. (b)
Optical microscope images with different fraction of bright/dark regions. Segmentation results of microstructure

images regarding bright/dark regions for estimation of fraction of dark region area (0-ErMnOs).

5.4.2 Electrical characterization of P/ErMnQOz3/Ti/Au devices with minor o-ErMnO3

content
5.4.2.1 Filamentary-type resistive switching

The electrical measurements were performed on the metal/ErMnOs/Pt stacks at room temperature by
current-voltage (I-V) measurements. During the measurement, the Pt bottom electrode was grounded, and
a DC bias was applied to the top electrodes. A negative voltage sweep (from 0 to -15 V) with a sweep rate
of 75 mV/s was applied to the top electrode, with a series resistor in the circuit, to switch the device from
pristine high resistance state (HRS, OFF state) to low resistance state (LRS, ON state). The series resistor
was used to prevent the current overshoot and irreversible hard breakdown of the device. This process is
called the Set process (for the first cycle, it is the electroforming step). Subsequently, the resistance in LRS
was determined by Kelvin (4-wire) resistance measurements which allowed to calibrate the cable and
contact parasitic resistance (Section 2.3.7.4). A positive voltage sweep (e.g. from 0 to 1.3 V) with a sweep
rate of 15 mV/s was then applied to the top electrode to switch the device from LRS back to HRS. A slower
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sweep rate was applied to enhance the dissolution of filaments inside the ErMnQO; matrix during the Reset

process. More details will be discussed later in this section.

I-V measurements were performed on Pt/ErMnOs/Ti/Au devices with a majority of h-ErMnO3 (less than 5%
0-ErMnQO3, Figure 5.24a). Figure 5.24b shows I-V curves for 100 cycles. A bipolar resistive switching
behavior is observed with Set occurring at negative voltages and Reset occurring at positive voltages. For
the initial cycle, a voltage exceeding -10 V is necessary to switch the device from its pristine state to the
LRS. Subsequent cycles reveal slightly lower Set voltages, suggesting an electroforming-based resistive
switching mechanism. The log-log scale of the I-V curves in LRS (for V > 0), as presented in Figure 5.24d,
demonstrates a current versus voltage slope approximately equal to 1, indicative of ohmic conduction. This
behavior is attributed to a metallic filament formed during the Forming and Set processes, which has an

ohmic conduction characteristic.[31> 316l

The distribution of Set and Reset voltages over the 100 cycles (Figure 5.25a) shows a relatively large
variability in Vse (-2.33 £ 0.49 V) and a low dispersion in Vgeset (0.35 £ 0.07 V). Figure 5.25b presents the
distribution of Rorr and Ron over 100 sweeps. A high Rore/Ron Up to 10° and an ultra-low ON resistance
(10.34 + 1.68 Q) are achieved.
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Figure 5.24: I-V characteristics of Pt/ErMnQOs/Ti/Au stack based on 5% o0-ErMnQs. (a) Device architecture and its
operational configuration with a 1 kQ resistor connected as compliance current during Set process. (b) Typical 1-V
curves of the device. (c) I-V curves of the Reset process. (d) Log-log scale I-V curves in LRS. The contribution of the
1 kQ resistor has been subtracted. The linear fit (black dotted line) with a slope of 1 indicates ohmic conduction in

LRS.
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Figure 5.25: (a) Variations of Set, Reset voltages and (b) resistances between OFF and ON states for 100 switching

cycles, read at -50 mV. All voltages and resistances have been subtracted the impact of the 1 kQ resistor.

The ON resistances of the devices are independent of the electrode area, as shown in Figure 5.26, suggesting
a localized filamentary rather than interfacial conduction mechanism.?®! Since the forming and Set
processes occur with a negative electric field, the formation of the filaments is mostly based on a valence
change mechanism involving oxygen vacancies. When a negative electric field is applied, the oxygen
vacancies migrate and align to form conductive channels in the ErMnOs layer, resulting in switching from
HRS to LRS. As a positive electric field is applied, filament rupture takes place due to electrochemical re-
oxidation and Joule heating, causing the device to switch back from LRS to HRS. The presence of the
conductive filament can be in hexagonal phase, orthorhombic phase or the phase boundaries between the
two phases.
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Figure 5.26: Area dependence of the resistances in HRS and LRS, respectively.
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Figure 5.27 presents the retention measurement of a device, showing no drift in resistances in HRS and
LRS over more than 6x10%s.
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Figure 5.27: Retention measurement for the two resistance states, read at -10 mV at room temperature.

As the ON resistance of devices is ultra-low (~ 10 ), the accumulated Joule heating during the Reset
process is high enough to dissolve the filament and Reset the device. The morphology of the device top
electrodes changes after switching, as shown in the optical microscope images of Figure 5.28a, b. The
damage of the top electrode can be attributed to Au dewetting at high temperatures®!’! induced by Joule
heating during the Reset process. This is supported by the 3D AFM image of the switched device top
electrode illustrated in Figure 5.28c. The roughness of the top electrode increases and irregular shaped holes
appear. These individual holes could be due to Au dewetting, as reported in ref.¥l which can impact the
endurance of the devices.

a)

1.6 uym
0.0 pym

Pristine

Figure 5.28: (a) Optical microscope image of top electrode (Ti/Au) of pristine device. (b) Optical microscope image
and (c) 3D AFM image of top electrode (Ti/Au) after device switching.
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5.4.2.2 Impact of compliance current and sweeping voltage window

To establish a real use case for the reconfigurability aspect of the ERMI project (as introduced in
Section 1.5), devices can be integrated into a frequency compensation circuit, in which the reconfigurability
could change the frequency response. Specifically, the circuit demands a relatively low Ron at the level of
1 Q. Our objective is to reduce the ON resistance of the devices while ensuring endurance and consistent

performance upon cycling.

Resistive switching relies on the formation and rupture of conductive filaments. Increasing the filament
expansion through higher compliance currents and voltages during the forming or Set process can lead to a
lower Ron.?% 2% During the forming and Set processes, either a 1 kQ or 500 Q resistor was connected in
series. This resulted in a compliance current of 15 mA or 30 mA, respectively, when the voltage reached -
15 V (maximum compliance current). The corresponding resistive switching performances of the devices
are shown in Figure 5.29 and summarized in Table 5.6. With increasing compliance current, Rorr increases,

Ron decreases and the endurance becomes poor.
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Figure 5.29: Impact of compliance current and Reset voltage window on the resistive switching performance of
devices with a majority of h-ErMnOs (with less than 5% o-ErMnOs). (a) Distribution of resistances in ON and OFF
states. (b) Distribution of resistances in ON state. (c) Distribution of Set and Reset voltages. (d) Endurance of devices.

Increasing the Reset voltage window and using a slower sweep speed can enhance the filament dissolution
during the Reset process.? We studied the impact of different voltage windows (1.1 V, 1.3V, 1.5 V and
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1.6 V) on switching performance. Expanding the voltage window during the Reset process leads to an
increase in the Rorr and a decrease in device endurance, while Ron and Vreser remain relatively unaffected.

The narrowest distribution of Vse: occurs with a Reset voltage window of 1.3 V.

Hence, to achieve a relative low Ron, good endurance, and consistent cycle-to-cycle performance, a

compliance current with 1 kQ and a Reset window of 1.3 V were selected for further investigation.

Table 5.6: Electrical configurations and the resulted resistive switching performance in devices with a majority of h-

ErMnQ; (with less than 5% o-ErMnQ3). IQR refers to interquartile range.

Reset Compliance Endurance
) Ron () Rorr (Q) Vset (V) VReset (V)
window (V) current (cycle)
7.18 0.26 M -2.19 0.45
11 500 O 54

(IQR:2.07)  (IQR:0.48M)  (IQR:4.94) (IQR: 0.16)

7.29 0.29 M -2.04 0.43
13 500 Q 53
(IQR:2.62) (IQR:0.70M)  (IQR:1.22) (IQR: 0.07)

6.68 0.28 M -4.51 0.44
15 500 O 42
(IQR:4.31) (IQR:0.88M)  (IQR:5.44) (IQR:0.24)

8.04 0.99 M -2.21 0.4
1.6 500 Q 14
(IQR:3.17) (IQR:853M) (IQR:2.87) (IQR:0.12)

10.53 0.18 M -2.3 0.37
13V 1kQ 110
(IQR:4.38) (IQR:0.14M) (IQR:1.02) (IQR:0.2)

5.5 Impact of the crystalline phases

As discussed in the previous section (Section 5.2), we have developed a straightforward method to quantify
the relative amount of hexagonal and orthorhombic phases, which can contribute to a better understanding
of the role of the crystalline phases in resistive switching performance in P/ErMnOs/Ti/Au devices. We
investigated 5 devices with 20 switching cycles each for 3 groups of devices with different 0-ErMnQO;
fractions: less than 5%, 20% and 50%.
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The setup for the measurement is depicted in the insert of Figure 5.30a. Note that instead of using a 1 kQ
resistor, a compliance current of 15 mA was employed during the forming and Set processes in the devices
with 50% o0-ErMnOs, due to their large leakage currents.

As the 0-ErMnOs fraction increases, the devices exhibit larger leakage currents, a decrease in Forming
voltage, and similar Reset voltages (see Figure 5.30b, ¢). The large leakage currents are attributed to the
fact that 0-ErMnQO; contains more Mn** ions than h-ErMnQ3, 114 278]
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Figure 5.30: Scheme and I-V characteristics of Pt/ErMnOs/Ti/Au stack based on different fractions of 0-ErMnQOs (5%,
20% and 50%). (a) Device architecture and its operational configuration during Set and Reset processes. A 1 kQ
resistor is connected as compliance current during Set process for devices with 5% and 20% 0-ErMnOs. (b) Forming
I-V curves of the device with different fractions of 0-ErMnQs. (¢) Zoom-in of curves shown in (b). (d) The distribution
of pristine resistance, HRS, LRS and (e) Forming voltage, Set/Reset voltage at different 0-ErMnQs3 fractions,

respectively. The voltages and resistances have been subtracted the contribution of the 1 kQ resistor.

To elucidate the different performances with varying fractions of o-phase, we conducted an analysis of the
current conduction mechanisms in both pristine and LRS states. We examined log-log scale I-V curves

within the Set region of the devices, and the results are presented in Figure 5.31a.

In the LRS, a current versus voltage slope of ~1 indicates an ohmic conduction behavior (I « V) in all
devices with different 0-ErMnOs fractions. LRS is governed by ohmic conduction due to the metallic
filaments formed during the Set process. Conversely, in the pristine state, we investigated two mechanisms
commonly observed in this complex oxide, as reported in prior research.¥-32% One of these mechanisms

is Schottky emission, wherein thermally activated electrons can overcome the energy barrier and be injected
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into the conduction band of the semiconductor.*® This model allows us to express the current’s dependence
on applied voltage as:

I\ _ qyq/Ameid . % .
In (—) =2 VvV o Equation 5.5

T2

where [ is the current, V is the external applied voltage, ¢ is the Schottky barrier height, ; is the permittivity of the

switching layer, k is the Boltzmann’s constant, T is the absolute temperature, and d is the Schottky distance.

Another mechanism is the Poole-Frenkel. It considers a bulk conduction process where thermally activated
electrons are emitted from traps into the conduction band of the semiconductor®. This phenomenon can

be mathematically described as:

I Va/medi .
In (V) =1 qk? VW~ % +In (quN;) Equation 5.6

where ¢ is the trap energy barrier height, di is the dielectric distance, y, and N, are mobility and density of carriers,

respectively.

At a low voltage regime (V < 0.7 V), a clear linear correlation between In(l) and V¥? is observed in all
devices with varying 0-ErMnQs fractions, which indicates a Schottky conduction mechanism (R2 = 0.99),

as illustrated in Figure 5.31b. The values for the intercept and slope can be found in Table 5.7. The

q¢p

calculated ¢z values of three different devices, based on the intercepts (— o

+ 2In (7)), are also provided

in Table 5.7, for a room temperature of T = 298.15 K. The decreasing absolute values of the intercept with
increasing 0-ErMnOs; fraction suggest a reduction in the Schottky barrier height ¢z as the 0-ErMnQO;

fraction increases.

To validate the model, we compare the calculated barrier height ¢ = 0.85 eV for the almost pure
hexagonal structure (5% 0-ErMnOs) with the theoretical value of ¢ = 1.08 eV for pure h-ErMnOs,
considering a band gap energy E, = 1.6 eVl an electron affinity y = 4.6 eV,*I and a Pt work function
¢, = 5.12 eV (Equation 5.7).

Op =Eg+x— bm Equation 5.7

where Egrepresents the band gap energy, y is the electron affinity of semiconductor, and ¢,, is the metal work

function.
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Nevertheless, the band gap energy of orthorhombic RMnOs; decreases slightly compared to that of the

hexagonal phase.[® Therefore, the calculated value for the highest hexagonal fraction is expected to be

slightly smaller than the theoretical value for pure h-ErMnOs, which is in good agreement with our results.

The experimentally calculated @5 values decrease as the orthorhombic phase fraction increases, which

aligns with the earlier argument. The Schottky slope values, derived from

4me;d I
qq/—T‘ remain independent of

the 0-ErMnOs fraction. This suggests that the Schottky emission distance d remains constant regardless of

the relative o-ErMnOs content.

At a higher voltage regime (V > 0.7 V), the I-V characteristics of the pristine state in all devices with

different 0-ErMnQs fractions closely adhere to the Poole-Frenkel emission model (Equation 5.6, R2=0.99),

as evidenced in Figure 5.31c. The corresponding extracted intercepts and slopes are presented in Table 5.7.

As established in previous studies,? 5% %1 h-ErMnOj3 and 0-ErMnOz have been reported as p-type materials.

They are characterized by hopping conduction between non-stoichiometric Mn®** and Mn** ions within the

trap states located in grain boundaries or structural defects in ErMnQs3. The absolute values of the intercept

decrease as the 0-ErMnO; fraction increases (Figure 5.31c). The numerical intercept values are derived

qaér

from the expression — T

+ In (quN,), where the trap energy barriers ¢ in h-ErMnOs and 0-ErMnO3 are

expected to be similar, given that the mobile carrier source comes from Mn** associated holes in the valence

band in both scenarios.[**> %22l However, due to a higher concentration of Mn** in 0-ErMnO3 compared to

h-ErMnOs, 4 278 there is a higher carrier density N, resulting in smaller absolute intercept values as the

Jaq/medi

0-ErMnO; fraction increases. Additionally, the Poole-Frenkel (PF) slope values, determined from 1

kT

remain similar with the increase of 0-ErMnO; fraction. This observation implies that the dielectric film

thickness remains uniform across all devices, indicating that the 0-ErMnQOj3; phase extends from the bottom

electrode to the film surface.

Table 5.7: Conduction mechanism parameters obtained in the pristine state.

Conduction

5% 0-ErMnOs

20% 0-ErMnOs

50% 0-ErMnOs

Schottky intercept

Schottky slope

Schottky barrier

PF intercept

PF slope

-21.58

10.5

0.85eV

-16.68

3.3

-20.22

9.8

0.81eV

-15.59

2.8

-19.08

10.1

0.78 eV

-14.13

2.8
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Figure 5.31: (a) Log-log scale I-V curves for the P/ErMnOs/Ti/Au stack based on different fractions of 0-ErMnQO3
(5%, 20% and 50%) during the forming process, the impact of the 1 kQ resistor has been subtracted. Linear fit (black
lines) reveal LRS for all devices with varying o-ErMnQj fraction, indicating ohmic conduction. (b) Devices in the
pristine states show In(1)-V¥2 plots with linear fit at low electric field regime (V < 0.7 V), consistent with the Schottky
emission model. (c) Pristine states of devices display In(1/V)-VY2 plots with linear fit at high electric field regime (V >

0.7 V), suggesting Poole-Frenkel emission model.

To summarize the electrical modeling findings, the LRS demonstrates ohmic conduction behavior, the
pristine state exhibits Schottky emission at low electric field and Poole-Frenkel emission at high electric
field. An increase in the 0-ErMnQ; fraction corresponds to a higher conductivity in both low and high

voltage regimes of the pristine state.

The distribution of resistances in pristine, HRS and LRS in devices with varying orthorhombic phase
fractions is shown in Figure 5.30d and Table 5.8. The LRS resistances remain relative constant, around
10 Q. The resistances in pristine and HRS decrease as 0-ErMnQOs fraction increases, resulting in a narrower

memory window (smaller Rore/Ron). The resistances in the HRS states of all devices do not fully return to
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their initial pristine state values, suggesting that the filament rupture during the Reset process remains

incomplete.

Figure 5.30e and Table 5.8 show the variations in Forming, Set, and Reset voltages for all investigated
devices. A clear trend emerges where the forming voltage experiences a strong reduction as the fraction of
0-ErMnQ; increases. Devices containing 5% o-ErMnOs exhibit an average forming voltage of ~ -9.5 V,
which consistently diminishes to ~ -8.4 V with a 20% o-ErMnO3 fraction, and further decreases to ~ -5.8 V
with a 50% 0-ErMnOs fraction.

Table 5.8: Resistive switching performance of Pt/ErMnOs/Ti/Au stack based on different fractions of 0-ErMnQO3 (5%,
20% and 50%). The voltages and resistances have been subtracted the contribution of the 1 kQ resistor. IQR refers to

interquartile range.

0-ErMnOs (%) Ron (Q) Rorr (Q) VForm (V) Vset (V) VReset (V)

9.31 029 M -9.46 -2.31 0.39

(IQR:5.13) (IQR:0.36M) (IQR:0.95) (IQR:3.30)  (IQR:0.13)

9.71 0.18 M -8.35 -2.40 0.39
20
(IQR:6.37) (IQR:0.28M) (IQR:0.63) (IQR:1.70)  (IQR:0.12)
9.36 0.07 M -5.82 -2.07 0.45
50

(IQR: 6.46) (IQR:0.09M) (IQR:0.29) (IQR:1.29)  (IQR:0.13)

The resistive switching behavior is influenced by thermal-driven oxygen migration during electroforming
and Set operations.?°!! It suggests that a higher amount of oxygen vacancies in devices with a higher o-
ErMnO; content facilitate the filament formation. The inclusion of a higher 0-ErMnQ; content also induce
a higher content of phase boundaries between the hexagonal and orthorhombic phase. Hence, the formation
of the conductive filament is more likely to happen in orthorhombic phase or at the boundary between the
two phases. The study shown in Chapter 4 highly suggests that the phase boundaries between the two phases
are oxygen-deficient. However, this hypothesis would need further validation through additional

experiments, such as Atom Probe Tomography (APT) in future.

The Vse variability decreases as 0-ErMnQO; fraction increases, as the interquartile range (IQR) is 3.30 for
5%, 1.70 for 20% and 1.29 for 50%. Due to the stochastic nature of the filament formation, in some cases,

the Set operating voltages increase and reach Vrom values. Therefore, lower Veom values correspond to a
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reduced variability in Vse: with increasing 0-ErMnQOs fraction. Furthermore, the 0-ErMnQs fraction does not
significantly affect Vreset. The Vreset Variability is relatively low compared to the Vs one. This behavior can
be explained by electrochemical re-oxidation and Joule heating during the Reset operation, which facilitate
the switching from LRS to HRS. The Joule heating induced by similar LRS resistance values in the devices
with varying o-ErMnQ3 fractions, promotes the filament rupture at comparable Reset operating voltages.

In conclusion, our study reveals that an increased fraction of the orthorhombic phase reduces the operating
voltage (Vrorm Of ~ -5.8 V, Vs Of ~ -2.07 for 50% 0-ErMn0Os) with a moderate reduction of Rorr/Ron ratio,
and reduces significantly the Vs variability. The addition of 0-ErMnQg; in h-ErMnOj; affect therefore as a
good path to improve the device performance.

5.6 Role of top electrodes

Prior studies have reported that defects, such as oxygen vacancies, can be induced in the oxide switching
layer due to the oxygen gettering activity of the Ti electrode.% 323 3241 These defects at the interface region
facilitate the forming process. To investigate this aspect, Pt/ErMnOs/Pt stacks were characterized and
compared to Pt/ErMnQO3/Ti/Au ones (Figure 5.32).

For both cases, devices containing 5% o0-ErMnQOs; were selected. In general, the resistances in pristine state
of Ti top electrode devices were found to be larger than those with Pt top electrodes (Figure 5.32a). This
can be attributed to the higher Ti/ErMnOs Schottky barrier height compared to the Pt/ErMnOs one (Figure
5.33). HRS and LRS display no significant resistance changes, as seen in Figure 5.32a.

Figure 5.32b presents the distribution of Set/Reset voltage for both stacks. There is a minimal impact of the
top electrode type on the Forming voltages, indicating that the switching does not occur at the interface but
rather within the ErMnO3 layer. However, a larger variation in both Set and Reset voltages was observed
for Pt top electrode. To explain this observation, we propose the following hypothesis: Under an electric
field, conductive filaments based on oxygen vacancies form. Consequently, both Pt/ErMnOs/Pt and
Pt/ErMnOs/Ti/Au stacks can switch from HRS to LRS. However, during the Reset process, Pt cannot work
as a reservoir or source for oxygen ions, resulting in difficult and uncompleted recovery of oxygen
vacancies. Thus, greater Joule heating energy is required to switch the device back to HRS, leading to a
higher Vreset for PYErMnO3/Pt stacks. Additionally, the Pt/ErMnOs/Pt stack with symmetric electrode
configuration does not have a preferential switching polarity, which increases the variability in operating
voltages and limits the switching yield.F?*! The Pt/ErMnOQs/Pt stack devices have a very poor endurance

(less than 20 cycles).

These results demonstrate that the top electrodes play a crucial role in the resistive switching performance
in ErMnOs-based stacks.
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Figure 5.32: Resistive switching performance of Pt/ErMnO3/Ti/Au stack and Pt/ErMnOs/Pt stack with 5% 0-ErMnOs.
(a) The distribution of resistances in pristine, HRS, LRS and (b) Forming, Set/Reset voltages, for various top electrodes

including Ti and Pt. The voltages and resistances have been subtracted the impact of the 1 kQ resistor.
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Positive bias Positive bias

Figure 5.33: Energy band diagram of (a) Pt/o-ErMnOa/Pt stack and (b) Ti/o-ErMnQOs/Pt stack, respectively.
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5.7 Summary

e Polycrystalline ErMnOs thin films with different fraction of hexagonal and orthorhombic phases
were synthesized. The presence of the orthorhombic phase was evidenced using a set of correlative
microscopies (optical, SEM, c-AFM) and Raman spectroscopy. We developed an easy and
straightforward way to quantitively estimate the fraction of the two crystalline phases using optical

microscopy or SEM.

e Bipolar resistive switching behavior was demonstrated for the first time in ErMnQOgs-based devices.
PY/ErMnOs/Ti/Au devices with a low amount of 0-ErMnO3 (< 5%) exhibit a remarkable Rore/Ron
ratio of ~10°, an ultra-low resistance of only 10 Q in the low resistance state (Ron), and a good

retention for ~10* s.

e The underlying mechanism of resistive switching in Pt/ErMnOs/Ti/Au devices has been attributed
to the dynamic formation and rupture of conductive filament(s) based on oxygen vacancies. The
presence of the filament is more likely to be in the orthorhombic phase or at the boundary between
the orthorhombic and hexagonal phases.

e An increased fraction of the orthorhombic phase significantly reduces the operating voltage in
Pt/ErMnOs/Ti/Au devices. Vroam decreases from ~ -9.5 V for 5% o-ErMnOsto ~ -5.8 V for 50% o-
ErMnOs, Vs« decreases from ~ -2.31 V (IQR: 3.30 V) for 5% o0-ErMnQO3 to ~ -2.07 V (IQR: 1.29
V) for 50% 0-ErMnOQs.

e This finding provides important insights for engineering the ErMnQj3 switching layer for enhanced

performance.

e The selection of top electrodes is crucial to obtain better resistive switching performance. The

Pt/ErMnOs/Pt stack devices have a very poor endurance (less than 20 cycles).
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The exploration of volatile threshold switching behavior holds significant promise for various applications,
particularly in neuromorphic computing. It can be used as a scalable selector device in resistive random
access memory (RRAM) crossbar circuits.*2> 3261 Additionally, threshold switching devices with self-
sustained oscillations are promising candidates for building leaky integrate-and-fire (LIF) spiking
neurons, 2 327.3281 for applications in threshold logic, %! and tunable chaotic oscillators.[*?* 3% Threshold
switching has been reported in several material systems, such as metal oxides (e.g. NbOx, 2% 214 VVO,, ]
TiO,, 2161 TaOy, "1 PrMnQ3,?*81 MoO5*%%), chalcogenide glasses (e.g. GeTel*?]) and fast-diffusion metals
(e.g. Agl?°7-3%2l), Previous studies have shown that most metal-oxide-based threshold switches with S-type
negative differential resistance (NDR) can be explained by self-heating triggered mechanisms, 20 212.216-221]
with mainly two localized conduction paths, either filamentary (e.g. NbOy) or from a metal phase that has
formed upon an insulator to metal phase transition (IMT) (e.g. VO_). The self-heating triggered devices
reported in the literature typically need to be electroformed to obtain a small-diameter conductive
filament.?*! However, it is challenging to know and control the size, composition and location of the
filament formed in the switching layer, and therefore to comprehend the material parameters that can be
tuned to optimize the device performance. As a result, the devices exhibit variability in threshold voltages,
endurance limitations and reliability issues. As the Joule effect plays a fundamental role in the occurrence
of NDR,*I an interesting design would be one in which the conduction, and the heat conducting paths

could be locally controlled.

In this spirit, we propose to use ErMnOs thin films with both hexagonal and orthorhombic phases, to
investigate threshold switching devices. The stable phase of ErMnQOj3; at room temperature and atmospheric
pressure is the hexagonal phase.[% As we have discussed it in Chapter 5, the orthorhombic phase can be
stabilized by stress imparted by the substrates. At room temperature, the orthorhombic phase is not
ferroelectric and shows p-type conductivity.?”® In accordance with literature,”®! we have shown in
Chapter 5 that in conductive atomic force microscopy experiment, h-ErMnQO3; does not show conduction

while 0-ErMnOs does.

Using the combination of the two crystalline phases, we show the first demonstration of electroforming-
free threshold switching behavior in Pt/ErMnQOs/Pt memory devices. The chapter is organized as follows:
We present in Section 6.1 the device fabrication and sample information. In Section 6.2, we explore the
volatile threshold switching behavior in Pt/ErMnQ3/Pt devices and propose a physical model of threshold
switching to address the underlying physical mechanism. Additionally, we investigate the roles of
orthorhombic and hexagonal phases on triggering the threshold switching. We show the premilitary results

of the spiking neuron applications in Section 6.3. Lastly, we summarize our results in Section 6.4.
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6.1 Device fabrication and sample information

The ErMnOs films were deposited by RF sputtering at room temperature in Ar with a RF power of 200 W
and an Ar pressure of 10 pbar (Figure 6.1a). We used Si/SiO./TiO,/(111) Pt substrates from MTI
Corporation. The thickness of the as-deposited films was determined by spectroscopic ellipsometry
(~ 58 nm). A first post-deposition annealing step at 750 °C for 30 min in a furnace with a N2 atmosphere
was done to crystalize the films (Figure 6.1b). This was followed by a second thermal annealing of the

polycrystalline films in a furnace at 400 °C in air for 1 hour (Figure 6.1c).

Pt/ErMnOs/Pt stacks were fabricated by patterning top electrodes using photolithography, metal deposition
and lift-off. 50 nm-thick Pt top electrodes were deposited by sputtering, as shown in Figure 6.1d, e. The
capacitive structure areas (defined by the top electrode) were 20 x 20 pm? or 30 x 30 um?. Two types of
devices were prepared with polycrystalline ErMnOs films annealed twice (first at 750 °C in N2 and then at
400 °C in air, as described above, Figure 6.1d) or with ErMnQ; films annealed only once, at 750 °C in N,

(Figure 6.1e). The sample information is listed in Table 6.1.

(a)

Amorphous ErMnO; film (b)
(55 nm-thick)

(c)

Polycrystalline ErMnO; film ErMnO; film with the
second time annealing

Post-deposition annealing
in N, at 750 °C for 30 min

Second annealing in air at
400 °C for 1 hour

Lithography, Lithography,
Pt deposition, lift-off Pt deposition, lift-off

Figure 6.1: Schematics of the device fabrication process flow.

As discussed in Chapter 5, the annealing at 750 °C of as-grown amorphous ErMnOs films leads to the
crystallization of a mixture of h- and 0-ErMnQj3; phases. Pt/ErMnQs/Pt stacks with different h-/0-ErMnOs
ratios were investigated. All films were characterized before the second annealing in air. The orthorhombic
phase was quantified by analyzing the SEM images (Figure 6.2), with the quantification method developed
in Chapters 4 and 5.
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Table 6.1: Sample information of the devices.

Sampl Fil 0-ErMn0s Anneali Switching t
ample ilm nnealin witchin e
P fraction (%0) J anp

750 °C (N2) Resistive switching

For devices .
Mixed phases ~20
under study
750 °C (N2) + 400 °C (air) Threshold switching

Reference 1 Mainly h-phase ~1 750 °C (N2) + 400 °C (air) Resistive switching
Reference 2 Mainly o-phase ~75 750 °C (N2) Threshold switching

750 °C (N),
Reference 3 Mainly o-phase ~99 (For XPS)

750 °C (N.) + 400 °C (air)
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&5 Y 999

Figure 6.2: (a, ¢, e, g) SEM images of films with mixed phases (test), mainly h- o-ErMnOs (reference 1) and 0-ErMnQOg3
(reference 2 and 3). (b, d, f, h) Segmentation results of SEM images regarding high/low electron yield regions for
estimation of fraction of 0-ErMnOs.
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Figure 6.3 shows GIXRD patterns and Raman spectra of films annealed at 750 °C (N, 30 min) with mainly
h-ErMnOs (reference 1) or 0-ErMnOs (reference 3). The Raman spectra are fitted with Raman modes. The
spectral positions are compared to those of single crystals in Table 6.2.
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Figure 6.3: (a) GIXRD patterns and (b, ¢) Raman spectroscopy spectra of mainly h- and o-ErMnO3 polycrystalline

films (without the second annealing in air).

Figure 6.4 shows GIXRD patterns of the film with mixed phases (~20% 0-ErMnQs3) before and after the

second annealing. There are no significant differences observed.

We further characterized the film (~20% o0-ErMnQs) after the first anneal at 750 °C. Optical microscopy
reveals regions of bright and dark contrasts (see Figure 6.5a). These regions were further investigated by
Raman spectroscopy. Mapping was performed within the area marked with the black box in Figure 6.53,
which includes both bright and dark contrast regions. The Raman intensity map was recorded on the A1(TOy)
mode, which is unique for the hexagonal phase (see Figure 6.5b). Two distinct regions colored in blue and
red are observed. Figure 6.5¢ shows two representative Raman spectra from these regions (marked as A

and B in Figure 6.5a, b), and the indexed Raman modes are shown in Table 6.3. As discussed in Chapter 5,
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the dark regions in optical microscopy correspond to 0-ErMnOs and bright regions to h-ErMnQs;. c-AFM
mapping was performed in the area shown by the yellow box in Figure 6.5a. An enhanced conductivity for
0-ErMnOQ; is observed while h-ErMnOs is non-conducting (Figure 6.5d). The corresponding topographic
image, shown in Figure 6.5e, indicates that there is no significant surface morphology difference between
the two crystalline phases.

Table 6.2: Raman active modes in single crystals and in polycrystalline films. The experimental data is shown in
Figure 6.3.

Single crystal Single crystal Mainly h-ErMnQOs Mainly 0-ErMnOs
h-ErMnQsl**°] 0-ErMnQ3[3% [This work] [This work]

Ex(5) 218 B1g 280 Ex(5) 219 Big 282

Ai(3) 252 A, 316 Ai(3) 242 A, 323

Ex(8) 295 A, 490 Ex(8) 293 A, 498
E1(TOu4) 639 Ay 520 E1(TOuw) 641 Ag 520
A1(TOy) 683 By 610 A1(TOy) 682 B 624

653% 6532

a) Raman shift is not related to a proper vibration mode from o0-ErMnO3% it might be from defects®”" or

contributions from zone-boundary phonon!?7l,
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Figure 6.4: GIXRD patterns of films with mixed ErMnQO3 before and after the second annealing.

Table 6.3: Raman active modes in single crystals and polycrystalline films. The experimental data is shown in Figure
6.5.

Single crystal Single crystal Spectrum A Spectrum B
h-ErMnQs*#1 0-ErMnQs %9 [This work] [This work]
E2(5) 218 Ay 316 E2(5) 235 Ay 325
E2(8) 295 A, 490 Ex(8) 307 A, 498

A1(TOo) 468 A, 520 E1 457 A, 516
E1(TOu) 639 Biy 610 A, 521 Biy 614
A1(TOs) 683 6532 E1(TOu) 641 6512

A1(TOg) 689

a) Raman shift is not related to a proper vibration mode from 0-ErMnO3% it might be from defects®”" or

contributions from zone-boundary phonon!?7l,
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Figure 6.5: (a) Optical microscopy image of polycrystalline ErMnO3 film (20% o-ErMnOs, without second time
annealing). (b) Raman intensity map based on the mode A;(TOg) at 689 cm™ from h-ErMnOj3 spectrum, which is
mapped on the ErMnOs film within the black box marked in the optical image in (a). Raman spectroscopy mapping
with a scan size of 9 x13 pum?, beam size of 1 pm and spatial resolution of ~1 um was performed. (¢) Two Raman
spectra with their fitted Raman modes representing positions A and B indicated on the Raman intensity map. (d) and
(e) c-AFM current and topographic images mapped on ErMnOs film within the yellow box marked in the optical
microscopy image in (a). The tip was grounded and a sample bias of 0.5 V was applied.

After the second annealing (400 °C in air), no significant differences in terms of h-ErMnOs/0-ErMnQO;
crystalline phase proportion or surface morphology are observed. This is indicated by the X-ray diffraction
(Figure 6.4), SEM, Raman spectroscopy, and AFM studies conducted at the same locations on the film
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before and after the second annealing (Figure 6.6). However, an enhanced electrical conductivity in o-

ErMnO; is observed by c-AFM after the second annealing, which will be discussed later in the chapter.

Before High After High
Intensity ma Intensity ma ()
(9)0
* R t
5, e
$ .
. 17
0 5 11 17

[pum]

+ Before

Figure 6.6: SEM images of the film (~20% o-ErMnQs3) for (a, c, f) before and (b, d) after the second annealing. (e)
and (g) Raman spectroscopy intensity maps based on the mode A;(TOy) at 689 cm™* from h-ErMnQj3 spectrum, mapped
on the film in (), before and after the second annealing, respectively. Raman spectroscopy mapping with a scan size
of 18 x18 um?, a beam size of 1 um and a spatial resolution of ~1 pm was performed. (h) and (i) AFM topographic

images mapped on the film in (a) and (b) before and after the second annealing, respectively.
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6.2 Threshold switching in Pt/ErMnOzs/Pt devices
6.2.1 Effect of the second thermal annealing on resistive switching

Current-voltage (I-V) measurements were performed on the Pt/ErMnQs/Pt stacks at room temperature. The
ErMnOs; films have ~20% o0-ErMnOs (Table 6.1). The Pt bottom electrode was grounded and a DC bias
was applied to the Pt top electrode. Typical I-V characteristics are presented in Figure 6.7 for both types of
devices (without and with the second annealing in air). Two very different resistive switching behaviors are
observed. The device shown in Figure 6.7a (annealed once, at 750 °C) exhibits a non-volatile bipolar
resistive switching. It switches from pristine high resistance state (HRS) to a low resistance state (LRS)
under a negative bias and back to HRS while sweeping the voltage to positive bias. All devices measured
prior to the second annealing exhibit a similar response, indicative of a filamentary-based switching
mechanism (abrupt Set and Reset). In contrast, all devices that have undergone a subsequent 1-hour
annealing at 400 °C under air exhibit a volatile threshold resistive switching behavior, as shown in Figure
6.7b. The device switches abruptly from pristine HRS to LRS under both positive and negative biases (0>
+ 5 V) and switches back abruptly to HRS once the voltage is swept back below a certain value. To the best
of our knowledge, this is the first demonstration of volatile threshold switching behavior in ErMnOz-based

two-terminal devices.

107! 1071

&)@ 3
102 1072
103 1073
< 26 \ L 104
E wpes & E s
o 107>- o 107>
5 10°6 A 5 1076
) O
1077 1077
1078 . L 1078 . o
5 Non-volatile switching 0-9 Volatile switching
10~ , : : , lo10° : : - : ;
-10 -8 -6 -4 -2 0 -4 -2 0 2 4
Voltage (V) Voltage (V)

Figure 6.7: (a) and (b) I-V characteristics of devices based on ErMnQO3; without or with the second annealing in air,

showing non-volatile switching behaviors and symmetric volatile switching, respectively.

In the following, we explore the devices with this unique threshold switching behaviors.
6.2.2 Volatile threshold switching characterization

Figure 6.8a shows representative |-V characteristic after 1000 voltage sweeps. A compliance current of

10 mA was used to avoid irreversible device breakdown. As the voltage sweeps from 0 to -5 V, the current

exhibits an exponential increase at low electric field. At a threshold voltage Vrw, the current rises abruptly,
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corresponding to a switch from HRS to LRS and hits the current compliance. When the voltage sweeps
from -5 V back to 0, the device switches back to its initial HRS once the voltage drops below a certain
voltage, referred to as the holding voltage Vwo. This behavior indicates a volatile threshold switching. Given
that the PYErMnOs/Pt stack is symmetric, a similar switching behavior is observed in positive polarity (0
- 5V = 0). The behavior observed in the first cycle is similar to that of subsequent cycles, indicating an
electroforming-free threshold switching in both polarities.

The evolution of the threshold voltages V4 and holding voltages Vo over 1000 cycles is presented in
Figure 6.8b. Positive values increase while negative values decrease until reaching constant values. The
memory window of ~ 0.7 V (difference between Vv and Vo) is about constant.

In addition, the devices achieve an endurance larger than 10* cycles as shown in Figure 6.9.

In the following, devices are further examined under negative voltage polarity (similar results were obtained
in both negative and positive polarities). The impact of the compliance current value on the threshold
switching performance is investigated. I-V characteristics are shown in Figure 6.8c. With an increase of the
compliance current, there is no change in Vrw, but there is an increase of Vo, as illustrated in Figure 6.8d.

Increasing the compliance current allows to expand the hysteresis window.
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Figure 6.8: (a) I-V characteristic of Pt/EMO/Pt device, marked with threshold voltage (Vrw) and holding voltage (Vo).
(b) The distribution of threshold and holding voltages for 1000 cycles. (c) I-V characteristics with different compliance
current 7, 8, 9, 10 mA. (d) Threshold and hold voltages with different compliance currents.
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Figure 6.9: I-V characteristics of Pt/ErMnO3/Pt device based on the second time annealing in air for more than 10*

sweeps.

The abrupt increase of current at Vry comes from the direct application of voltage on the devices. To
investigate the sharp switching region, it is crucial to employ a controlled current to stabilize the device.**]
As illustrated in the inset in Figure 6.10a, a series resistor of 100 Q2 was inserted into the circuit to prevent
a steep increase in current through the device. Initially, at low applied voltage, the resistance of the device
under study is much larger than that of the series resistor, causing most of the voltage to be dropped across
the device. As the applied voltage increases, the device undergoes a transition from HRS to LRS at the
threshold voltage. At this point, the device’s resistance is relatively low compared to the series resistor,
resulting in an increase in current but a decrease in voltage across the device due to the voltage drop across
the series resistor. This effect results in a region called S-type negative differential resistance (NDR), where
the current increases while the voltage decreases. This region is shaded in green in Figure 6.10a. The
stabilized NDR region starts with the threshold voltage and ends with the holding voltage. The I-V
characteristics with and without the series resistor are very well overlapped. Thus, the NDR region
determines the hysteresis window. Figure 6.10b displays the current controlled 1-V characteristics of the
same device with different compliance currents ranging from 10 to 100 mA. The NDR region extends with
increasing compliance current, leading to a larger hysteresis window. This aligns well with the result

presented in Figure 6.8c, d.
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Figure 6.10: (a) Quasi-static I-V characteristics of the Pt/ErMnOs/Pt device with and without a stabilizing resistor of

value 100 Q. The inset shows the measurement circuit with a series resistor (100 Q). (b) Measured I-V characteristics
with different compliance current 10, 50 and 100 mA, with a stabilizing resistor in series.

6.2.3 Physical model of the threshold switching in P/ErMnQOzs/Pt devices

As a threshold switching behavior has not been previously reported in ErMnQOs; films, we now investigate

the underlying physical mechanism. To test different conduction mechanism schemes, temperature-

dependent I-V measurements were performed. The measurements were carried out together with Moritz

Engl, using a semiconductor parameter analyzer (Keithley 400-SCS) and a cryogenic probe station (CPX-
VF) in NaMLab, Dresden.

Figure 6.11a shows current controlled 1-V characteristics of a Pt/ErMnOs/Pt device at different stage
temperatures from 240 to 320 K with a compliance current of 8 mA.

As the stage temperature increases, the leakage current increases and the threshold voltage decreases.
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Figure 6.11: (a) Current-controlled I-V curves of a Pt/ErMnQOs/Pt device with different stage temperatures 240 K —
320 K, showing different regions of conduction mechanisms. Schottky emission at low electric field, Poole-Frenkel
conduction pronounces at high electric field. After a threshold voltage, Joule self-heating enhanced Poole-Frenkel
leads the device to NRD region. A current compliance current 8 mA was applied to avoid device hard break down. (b)
Arrhenius plot of the currents extracted at a read voltage of -1.0 V, a voltage at which the conduction is dominated by
Poole-Frenkel. The trap energy barrier Ea, extracted from the Arrhenius plot, is around 0.175 eV. (¢) Measured and
modelled current-controlled 1-V curves of the Pt/ErMnQOs/Pt device with different stage temperatures. (d) Calculated
device internal temperature over the device currents at different stage temperatures. The device dimension is
20 x 20 um?2,

Self-heating triggered mechanisms are at the origin of the majority of metal-oxide-based threshold
switching with S-type NDR.[?10. 2122162211 Gych devices are primarily governed by a thermally activated
conduction mechanism in the pre-threshold region. To investigate the dominating conduction mechanisms,
different models were tested: Schottky emission, Poole-Frenkel, space-charge-limited conduction and
Fowler-Nordheim tunneling. Before reaching the threshold voltage Vry, conduction is dominated by
Schottky emission at low electric field (0 <V < 0.7 V) and trap-assisted Poole-Frenkel conduction at higher
electric field (0.7 V < V). Once the applied bias exceeds V1, Poole-Frenkel conduction with self-heating

predominates, leading to the NDR behavior (see Figure 6.11a). In this regime (0.7 V < V), we tested the
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widely accepted physical model on thermal feedback-based 3D Poole-Frenkel conduction, previously

applied to systems such as NbO,,[#12 2132211 and TaOx.[2'") In this model, the conductivity is written as follow:

Eq

-2 | rkpT? VF bl 1 ;
o(F, T) = g,e *&T {(ﬁiﬁ) [1 +( ,kaT — 1) et |+ Equation 6.1

3 1
where g = (= . )z, & is the high frequency dielectric constant, E, is the activation energy, o, = ﬁ is a prefactor
r 14

TEQ

constant, L is the film thickness, A is the active region area, Ry, is the resistance, F is the electric field, and T is the

internal temperature of the active region.

The internal temperature is supposed to be spatially uniform within the active region of the device and the

heat transfer occurs at the quasi-static limit,*?! which can be described by the following equation:

= (T = Tstage)Ten + WVaev, o ~0 Equation 6.2

dTy

C,, —
th dt

T =Tstage + Waev/Ten Equation 6.3

where Cy, is the thermal capacitance, Tsq4. is the stage temperature, V., is the voltage drop over the device, and 7.,

is the thermal conductance. Here we assume that 7, is temperature independent in the investigated temperature range.

Let us consider the region dominated by Poole-Frenkel conduction, where the internal temperature is T4

(highlighted in green in Figure 6.11a). The current measured at V., = —1.0 V is plotted in a logarithmic

E

scale as a function of 1/T in Figure 6.11b. From the Arrhenius law (In (1)~ — . “T), an activation energy
B

of E, = 0.175 eV can be extrapolated for V., = —1.0 V.

Combining Equations 6.1 and 6.3, the analytical model can be solved self-consistently to fit the quasi-static
I-V characteristics of the ErMnOs threshold switching devices at different stage temperatures. With the
previously extrapolated activation energy E,, the material-dependent parameters — thermal conductance
(Ten), dielectric permittivity (e,) and resistance (R,,) were fitted in the pre-threshold and NDR regions,
which are shaded in green and red in Figure 6.11a. The fits are shown in Figure 6.11c. Table 6.4 summarizes
the single set of parameter values used for the fits. The relative permittivity &, of ErMnOs is found to be
14.1. This is in excellent agreement with the expected value (&, of ~ 12 in ErMnOj single crystal).**% The
thermal conductance ., is determined to be 1.6x10* WK, which involves the active region dimensions
and the thermal property of the ErMnOs thin film.?°! Using the reported thermal conductivity value of
1.4 Wm*K™1,334 3 filament diameter of ~3 pm could be estimated by assuming a cylindrical shape, which
corresponds well with the dimensions observed for the o-ErMnOs phase (as the active region) in SEM or

optical images.
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The very good agreement between the measured and modeled I-V characteristics at the different stage
temperatures, along with the physical values determined for ¢, and I3, indicate that the proposed physical

model is well suited to our ErMnOs-based devices.

Figure 6.11d shows the calculated internal temperatures of the active region in the devices, using
Equation 6.3 and based on the estimated thermal conductance 7, (see Table 6.4). The internal temperature
is constant for current up to 0.7 mA and then increases strongly. The maximum internal temperature during
device operation is estimated to be ~ 400 K (Figure 6.11d), which suggests that the internal temperature
required to trigger the threshold switching is even lower. Note that, in the domain where the Poole-Frenkel
alone is responsible for conduction (green shaded region in Figure 6.11a), the currents at a read voltage of
-1.0 V are below 102 A (dash line in Figure 6.11a), therefore the internal temperature is equal to the stage
temperature (Figure 6.11d), which validates our calculation of the activation energy E, for the Poole-

Frenkel mechanism.

Another widely-discussed mechanism for S-shape NDR is thermally driven IMT.[2% 2151 As shown in
previous studies, non-stoichiometric orthorhombic perovskite ErMnOs is a p-type semiconductor involving
hopping of holes between Mn*" and Mn** ions, resulting in a much larger conductivity than h-ErMnQ3.[2%®
218, 3211 We can preclude a phase transition from h-ErMnO3 to 0-ErMnOs since the estimated internal
temperature (~ 400 K) during the threshold device operation is low, and a high pressure would be
required.®!1 Any phase transition, if it occurs, would rather be from the metastable 0-ErMnO; to the stable
h-ErMnOj; phase.

Table 6.4: Model parameter definitions, symbols and values for the fitting shown in Figure 6.11c.

Physical quantity Symbol Value Unit
Thermal conductance Iy 1.6 x 10 W K
Relative permittivity & 14.1 -
Fitting constant R, 15 Q

The phenomenon of self-heating-triggered threshold switching is associated with a notable increase in
leakage currents.!??!l This is because the rate of volumetric heat generation must be sufficiently high to
induce the threshold switching, while keeping the electric field below the breakdown limit. This is

consistent with the behaviors observed in our devices. After the second annealing in air, the device becomes
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much leakier (as shown in Figure 6.7b), resulting in a large current level available to trigger the threshold
switching behavior.

Since the second annealing is necessary to obtain the threshold switching, let us discuss its effect on the
film. We did not observe significant differences before and after the second annealing (in air) in the XRD,
Raman spectra, SEM and AFM topographic images. X-ray Photoelectron Spectroscopy (XPS) was
performed to get insights on the Mn ion valences (Figure 6.12). As a reference sample, almost single-phase
0-ErMnO:; film (reference 3 in Table 6.1) was studied before and after a second annealing (XRD and Raman
spectra of the film are given in Section 6.1). The Mn 2pz, core level spectra and their deconvolution are
shown in Figure 6.12a, b. The 0-ErMnO;s film (before/after) only contains Mn3* and Mn** contributions.
The atomic concentrations of these two valence states were estimated and are presented in Figure 6.12c.
An increase in Mn** concentration by 3% is observed after the second annealing.
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Figure 6.12: X-ray photoelectron spectroscopy (XPS) analysis. Mn 2ps» XPS spectrum and their deconvoluted curves
for Mn2*, Mn®" and Mn** after background subtraction. (a) and (c) XPS spectrum of almost single-phase 0-ErMnO3
film before and after the second annealing in air, their comparison of the concentrations (area in peak, %) of Mn®* and
Mn** in (e). (b) and (d) ErMnOs film with mixed phases (~ 20% o-ErMnQs) before and after second annealing in air,
their comparison of the concentrations (area in peak, %) of Mn?*, Mn3* and Mn** in (f).

Now, let us consider the mixed o- and h-ErMnOs films as used in the above devices. To fit the Mn 2pzp
XPS spectra, an additional component attributed to Mn?* is required, which is situated at a lower binding

energy than Mn®* and Mn*, as shown in Figure 6.12d, e. The Mn?" contribution originates from the
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hexagonal ErMnO; phase or from the grain boundaries between the two phases, as it was absent in the
reference 0-ErMnOs film. Sandra H. Skjerve et. al. reported that hexagonal manganite structure can
accommodate Mn?*, which would primarily arise due to the variations in oxygen stoichiometry (oxygen
vacancies) while being processed at high temperature and low pO,.** ¥ Figure 6.12f presents the
concentrations of the different oxidation states. A higher amount of Mn** and a lower concentration of Mn?*
are observed after the second annealing. In a study on YMnOs films annealed in oxygen atmosphere at
around 400 °C, an oxygen uptake has been reported.?*"] The added oxygen is suggested to fill the oxygen
vacancies and further oxidize Mn?* to Mn®* or Mn** to Mn**. This leads to a hole dominated conduction
mechanism and a higher conductivity in oxygen or air processed RMnOj3 (both phases).[*% 1143371 1n our
films the increase in Mn** is likely to occur in the 0-ErMnO; as we shown below.

To gain additional insight into the local conductive properties, c-AFM mapping was performed with a
sample bias of 2 V on the same location of the film before and after the second annealing, shown in Figure
6.13a, b. No difference in surface morphology is observed (Figure 6.6h, i). However, there is a significant
increase in current in 0-ErMnQ; after the second annealing, as also shown in Figure 6.13c-g. |-V
characteristics of 0- and h-ErMnQO3; phases before and after the second annealing were measured as
presented in Figure 6.13g (see corresponding locations in Figure 6.13¢, f). There is no discernible difference
in the conductivities of the hexagonal phase whether the films have undergone or not a second annealing
in air. In contrast, a strong enhancement of about one order of magnitude in current is observed in 0-ErMnQO;
after the second annealing. This enhancement is attributed to the increased Mn** content, which reflects an
increased conductivity in the o-ErMnOs regions. The locally increased current explains the overall

increased leakage currents observed macroscopically on the devices (Figure 6.7b).
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Figure 6.13: (a, €) c-AFM current map and (c) current distribution of ErMnQs film before the second annealing, within
the black box marked in the SEM image in Figure 6.6a. (b, f) c-AFM current map and (d) current distribution of
ErMnQs film after the second annealing, within the black box marked in the SEM image in Figure 6.6b. The tip was
grounded and a sample bias of 2 V was applied. (g) |-V characteristics by c-AFM on 0-ErMnOs and h-ErMnOs before

and after the second annealing.

6.2.4 On the roles of the orthorhombic and hexagonal phases

To further explore the contribution of the crystalline phases on triggering the threshold switching behavior,

I-V measurements were performed on the Pt/h-ErMnOs/Pt stack after the second annealing (reference 1 in

Table 6.1), and are shown in Figure 6.14. The leakage currents are lower compared to those with 20% o-

ErMnOs. A non-volatile resistive switching instead of threshold switching is observed with h-ErMnOs.
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Thus, this finding suggests that the inclusion of orthorhombic phase in the devices is crucial to provide the

required localized conductive paths inside the switching layer, in order to trigger the threshold switching.
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Figure 6.14: I-V characteristics of Pt/h-ErMnOa/Pt devices. The film underwent the second annealing in air at 400 °C
(reference 1 in Table 6.1).

A schematic presentation of the physical model based on Poole-Frenkel conduction and self-heating to
explain the origin of threshold switching, is given in Figure 6.15. Mn** can be described as Mn** with holes,
where the defects — holes — are initially trapped, resulting in low leakage currents (see A in Figure 6.15).
As an electric field is applied, the trap barrier is lowered and holes get detrapped, leading to increased
leakage currents, as shown in B in Figure 6.15. As 0-ErMnOs is more conductive than h-ErMnOs, most
current flows through 0-ErMnQs, leading to a temperature increase by local Joule heating (B to C in Figure
6.15). As the temperature increases, more thermal excited holes are detrapped, as illustrated by C in Figure
6.15. As the applied bias decreases, less leakage current flows through o-ErMnQ; (C to D in Figure 6.15),
further resulting in a temperature decrease due to heat dissipation (D to E in Figure 6.15). The device then

returns to its initial state with low leakage currents at a low temperature.
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Figure 6.15: Schematic presentation of the physical model for the origin of threshold switching in Pt/ErMnOs/Pt
devices.
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Figure 6.16 show sketches of the ErMnOs films with mixed crystalline phases — minor conductive o-
ErMnOs (marked in yellow) embedded in less conductive h-ErMnQ; (marked in blue) before (Figure 6.16a)
and after (Figure 6.16b, c) the second annealing. After the second annealing, the minor 0-ErMnOs has a
higher conductivity and is sufficiently localized in the h-ErMnOs matrix to accumulate Joule self-heating
to trigger the threshold switching, as presented in Figure 6.16c.

(a) (b) (c)
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PF and Joule
' Film annealed in air ' Threshold SWItChlng W self—he;ting
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OFF state OFF state ON state
before annealing in air after annealing in air NRD region
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Conductivity

h-ErMnO;

Figure 6.16: (a) Schematic diagrams of Pt/ErMnQs/Pt devices showing threshold switching mechanisms. Before
annealing in air, 0-ErMnOs is more conductive than h-ErMnOs. (b) After annealing in air, 0-ErMnQO3; becomes more
conductive, forming local conductive paths and h-ErMnOs remains as similar as before. (c) As above the threshold
switched voltage, the formed local conductive paths lead devices to negative differential region, due to enhanced

Poole-Frenkel conduction by local Joule self-heating.

In NbOx studies, 2% 211 219. 3381 the threshold switching behavior is based on a conductive filament, for which
the electroforming process is stochastic. In this work, the threshold switching is attributed to a conduction
mechanism based on hole hopping from Mn** to Mn** sites together with Joule effect in the conductive o-
ErMnOs phase paths, which can be characterized and quantified in a more controllable way as compared to
the stochastic formation of filaments. The hexagonal phase serves to prevent the overall device from having
a too large electrical and thermal conductivity. However, it does not play a direct role in the electrical
conduction. As shown in Figure 6.14, a mainly h-ErMnQO3 device show no threshold switching behavior
but a classical filamentary non-volatile resistive switching. On the other hand, in a device mainly composed
of 0-ErMnOs; (~ 75% 0-ErMnOs, see Table 6.1), the hysteresis window is obtained but is very narrow,
compared to the device with 20% ErMnO3 discussed in the previous sections (see Figure 6.17). It is not
even necessary to perform a second annealing in air to observe the threshold switching. The very narrow
memory window is due to the high thermal conductivity and conduction of the 0-ErMnQO;3 device. Hence,

adding h-ErMnOQs is a key knob for engineering the NDR properties.

In addition to mixing h- and 0-ErMnOs phases in different amounts, another key knob is the electrical and
thermal conductivities of the 0-ErMnOs conduction paths. These properties could be fine-tuned through
thermal treatments. Moreover, the geometry of the conduction paths is significant, and could be modified
by varying the film thickness. These aspects are promising research paths to achieve tunability of the NDR

memory window.
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Figure 6.17: 1-V characteristics of Pt/ErMnQOs/Pt devices with mainly o-ErMnOs film without the second annealing in

air and with mixed phases with the second annealing in air.

6.3 Applications (implementation of the NDR devices into circuits)

NDR devices are known to exhibit an oscillatory behavior. They are modelled with a circuit that contain an
inductive value. The S-shaped DC I-V characteristics in conjunction with thermal activation drives the
dynamics of these devices as shown by several studies.??% 33 3491 One of the applications for threshold

switching devices is the design of compact artificial neurons.**: 12 328

We have studied these aspects in collaboration with the group of Prof. Dr. Ronald Tetzlaff at TU Dresden,
with Dr. Richard Schroedter and Dr. Ahmet Demirkol. | went to TU Dresden to participate to the

measurements.
6.3.1 Reconfigurability between resistive and inductive states

A. Demirkol et al. proposed that the impedance function of the locally active (i.e., S-shaped) threshold
switching devices can be represented by an RL circuit configuration.*! Figure 6.18a illustrates the DC I-
V curve of such a device under a current sweep, highlighting the NDR region in red. The device can be
modeled as an equivalent circuit consisting of three components: a resistor (R2) and an inductor (L) arranged
in parallel, connected to another resistor (R1i) in series (represented by the yellow dashed square in Figure
6.18b). The device exhibits an inductive behavior in the NDR region, hence, allowing a reconfigurability

between the resistive and inductive states.
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Figure 6.18: (a) DC I-V curve of a locally active memristor, with NDR region highlighted in red. (b) AC equivalent
circuit of the entire memristor. The device is equivalent to a pair of a resistor (R2) and an inductor (L) in parallel with
another resistor (Ry) in series. These figures are from ref.[341

DC I-V measurements of several of our devices were carried out. The devices were connected to a series

resistor of 330 Q. A typical curve measured, and its corresponding fitting are shown in Figure 6.19.

The L value is not a constant but is different for each bias used inside the NDR region. The L values are
found to be in the range of 100 — 150 uH, when a bias point is set to be in the middle of the NDR region.
These values are quite large (much larger than the targeted values of 1 uH in the ERMI project).
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Figure 6.19: DC I-V curve of a Pt/ErMnOs/Pt device with a series resistor of 330 Q, and its corresponding DC fitting.
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6.3.2 NDR devices as artificial neurons

Here, our devices were inserted in a neuristor circuit to establish the oscillatory dynamics. Its design and
the electrical measurements were performed by the group of Prof. Dr. Ronald Tetzlaff at TU Dresden (I
participated to the measurements).

For the neuristor circuit, a capacitor is connected in parallel to our threshold switching devices.*!! The
proposed neuristor circuit is illustrated in Figure 6.20, where Vpc is DC voltage source, R; = 100 Q is the
series resistor, R, = 22 Q is the parallel resistor and C, = 10.7 pF is the parallel capacitor. The neuristor

circuit parameters were carefully chosen, such that the ErMnOs device can be biased in the NDR region.

R

vpe Rp

() ErMnO3
device

Figure 6.20: Neuristor circuit.

When the voltage drop Vm across the device exceeds the threshold voltage and is sufficient to switch the
device in the ON state, sustained oscillations are observed, as shown in Figure 6.21a, for different Vpc
values. We find that sweeping the DC input voltage leads to changes in spike waveform. The frequency as
a function of Vpc is plotted in Figure 6.21b, showing a frequency range from130 to 330 kHz for a voltage
range from -3.82 to -4.70 V.

190



Chapter 6: ErMnQOs thin film-based threshold switching devices

(a) =-15 -1.5 -1.5

=
&
& -2 2 2
&
38
=)
>
8 -2.5 -2.5 -2.5
B
-
g
S 3 3 -3

0

(b) . 350

i
4 300
iy
9 250 1
3
o L 4
g 200 X f=129 kHz
@ 1500 X f=242 kHz| |
ra X f=332kHz
m 100 1 1 1 1 1 1 | it

3.8 3.9 4 4.1 4.2 4.3 4.4 4.5 4.6 4.7

(negative) DC bias voltage (V)

Figure 6.21: (a) Measured spiking behavior at different DC input voltages. (b) Spike frequency as a function of DC

input voltages.

These preliminary results demonstrate that our NDR devices can be implemented in a neuristor circuit to

obtain stable and repeatable oscillations. They are therefore good candidates for mimicking spiking neurons.

A next step would be to investigate the switching speed of our devices, which will be conducted by the

group of Prof. Dr. Ronald Tetzlaff at TU Dresden.
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6.4 Summary

e The first demonstration of electroforming-free threshold switching behavior in polycrystalline
ErMnOs devices is reported. The Pt/ErMnOs/Pt devices exhibit repeatable unipolar threshold
switching (S-shape current-controlled negative differential resistance) with a memory window of

0.7 V, and high endurance (up to 10* sweeps).

e The threshold switching behavior is obtained in films containing a mixture of h-ErMnO3; and o-
ErMnOs phases and after an appropriate thermal treatment. The additional annealing at 400 °C in
air enhanced the conductivity of the 0-ErMnO3 phase, which is associated to an increase in Mn**

ion contents.

e The origin of the threshold switching is attributed to Joule heating-enhanced 3D Poole-Frenkel
conduction mechanism. The IV curves in the range of V > 0.7 V are well fitted with a single set of

parameters.

e Engineering of the film micro/nanostructure is key. The 0-ErMnQj3 phase drives the conduction and
Joule heating that triggers the threshold switching. The introduction of the insulating hexagonal
phase, is necessary to avoid too large leakage currents, which otherwise leads to a very narrow
NDR region.

e The fine control of the orthorhombic phase conductivity via the synthesis conditions provides

potentially a unique means to tune the NDR region’s characteristics.

e The devices in NDR region behave as an inductor, allowing the reconfigurability between the
resistive and inductive states. The inductance values are estimated to be in the range from 100 to
150 pH.

o The oscillation characteristics of these devices, when implemented in a neuristor circuit are
successfully demonstrated. Change of the DC input voltage leads to changes in the oscillation

waveform and frequency.
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Summary and outlook

Summary

Mixed hexagonal and orthorhombic polycrystalline YMnO; and ErMnOs thin films were prepared by room
temperature RF sputtering and post-deposition annealing in a nitrogen atmosphere. Using correlative
spectroscopic and microscopic techniques such as Raman spectroscopy, scanning electron microscopy,
conductive atomic force microscopy, and optical microscopy, a method was developed to clearly identify
and locate the orthorhombic phase within the hexagonal matrix. Subsequently, a quantitative estimation of
the fraction of the two crystalline phases (orthorhombic and hexagonal) in the films was achieved. This
method allows identification and quantification of both crystalline phases, which X-ray diffraction could

not allow.

Impedance measurements were conducted on metal-insulator-metal stacks with YMnOz and ErMnOs. Both
package- and probe station-based setups with dedicated parasitic calibrations were applied. Low
inductances (L) in the nH range were determined, which are at the detection limit. The devices exhibited a
resistive switching behavior, with a capacitive behavior (C) in the OFF state and resistive behavior (R) in
the ON state, allowing the possibility for reconfigurable R-C devices. L-C reconfigurability in the devices

was not observed.

We then presented a comprehensive investigation of polycrystalline RMnO;3 (R =Y, Er) thin films-based
resistive switching devices. We explored how the two polymorphs (hexagonal and orthorhombic phases)
can be used to leverage their properties to design new memristive devices. The key findings of our studies

are summarized as follows.

Electrochemical metallization memristive (ECM) devices with Al active electrodes were fabricated with
polycrystalline YMnOs containing different fractions of the hexagonal and orthorhombic phases. These
devices demonstrated electroforming-free bipolar resistive switching with a high Rore/Ron ratio of 10%, low
Set (~ 1.7 V) and Reset (~ -0.36 V) voltages, and good retention performance. The origin of resistive
switching was ascribed to the formation and rupture of an Al filament via electrochemical metallization
along oxygen-deficient crystalline phase boundaries. These devices were integrated into frequency
compensation circuits by our collaborators at the Institute of Microelectronic Systems, University of

Hannover, to demonstrate a real use case.

We investigated valence change memory (VCM) type devices with Pt/ErMnQOs/Ti/Au stacks. Bipolar
resistive switching behavior was observed with a Rore/Ron ratio of ~ 10°, an ultra-low resistance of only
10 Q in the low resistance state (Ron), and good retention performance. The underlying mechanism of
resistive switching in these devices was attributed to the formation and rupture of conductive filament(s)

based on oxygen vacancies, which likely occurred in the orthorhombic phase or at the boundary between
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hexagonal and orthorhombic phases. An increased fraction of the orthorhombic phase strongly reduced the
operating voltage in the devices. This finding provides important insights for engineering the ErMnOs
switching layer for enhanced performance.

Finally, we reported the first demonstration of electroforming-free threshold switching behavior in
Pt/ErMnOs/Pt devices. The devices exhibited repeatable unipolar threshold switching with S-shape current-
controlled negative differential resistance (NDR), a memory window of 0.7 V, and a high endurance (up to
10* sweeps). The threshold switching behavior was obtained in films containing a mixture of h-ErMnOs
and 0-ErMnOs phases and after an appropriate second thermal treatment. The additional annealing at 400 °C
in air enhanced the conductivity of the 0-ErMnO; phase, which was associated to an increase in Mn** ion
content. The origin of the threshold switching was attributed to Joule heating-enhanced 3D Poole-Frenkel
conduction mechanism. Engineering of the film micro/nanostructure was key, since Joule heating within
localized conductive o-ErMnO; triggered the threshold switching, while the introduction of the insulating
hexagonal phase was necessary to avoid too large leakage currents. Fine control of the orthorhombic phase
content and of its conductivity via the synthesis conditions provided a unique means to tune the NDR
region’s characteristics. This new type of NDR devices based on two polymorphs provided unique
capabilities in terms of tunability of the S-shape characteristics as compared to the known devices based on
an insulator to metal transition like in VO or on a filamentary process like in NbOx. Devices operating in
the NDR region exhibited inductive behavior, enabling reconfigurability between resistive and inductive
states. The inductance values were estimated to be in the range from 100 to 150 puH. These devices inserted
in a neuristor circuit, exhibited an oscillatory behavior, showing the potential for mimicking spiking

neurons.

ErMnOs materials presented opportunities to achieve both non-volatile resistive switching and volatile
threshold switching. There are two possible applications incorporating both types of devices. On the one
hand, this capability enables the potential implementation of crossbar structures with RRAM cells and
selectors using the same material without encountering compatibility issues. On the other hand, it opens
avenues for neuromorphic applications to integrate synapses (RRAM) and spiking neurons (threshold

switching) within the same material framework in future research.

Outlook

In the study of resistive switching behaviour in Pt/YMnOs/Al devices, we proposed that the origin of
switching is the formation and rupture of an Al filament via electrochemical metallization along oxygen-
free boundaries between the orthorhombic and hexagonal phases. Future research should focus on exploring

the mechanisms and their dynamics at the nanoscale within these phase boundary channels with methods
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such as operando transmission electron microscopy.®* Another milestone would be to scale these devices
down to <100 nm so that devices contain only one boundary along with a few nanograins of each
polymorph on either side of the boundary.

In Pt/ErMnOs/Ti/Au devices, we proposed that the formation of an oxygen vacancy-based filament occurs
in the orthorhombic phase or at a boundary between the hexagonal and orthorhombic phases. This
hypothesis requires further validation through additional experiments, such as operando hard X-ray
photoelectron spectroscopy or Atom Probe Tomography, to study the evolution of oxygen vacancies in both
ON and OFF states.

The most promising devices are the threshold switching devices. These devices demonstrate good
endurance and repeatable switching with S-shape NDR behavior, making them well-suited for artificial
neuron applications and more generally for all applications where the NDR property is used (oscillatory
circuits). The most attractive aspect of these devices is that a fine-tuning of the characteristics of the NDR
region should be possible by adjusting the orthorhombic phase conductivity. This could be realized by

changing the parameters of the additional annealing (temperature, time).

Further investigations for oscillatory circuits, in particular for neuron applications, will be conducted in

collaboration with the group of Prof. Dr. Ronald Tetzlaff at TU Dresden.

Additionally, given the ferroelectric properties displayed by YMnO3; and ErMnOs; crystals, further efforts
in obtaining ferroelectric properties at room temperature in the films should be conducted, in order to
combine resistive switching and ferroelectricity. It would offer a path to achieve multilevel analog resistive

switching states for neuromorphic applications.!*3 14
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