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Abstract

The ever-increasing energy demand of modern society, further reinforced by
emerging technologies such as artificial intelligence, presents us with a sig-
nificant challenge. The shift from digital to analog data processing, inspired
by neural structures, fits with the analog data provided by the environment.
However, simulating or emulating the existing digital technology is enor-
mously energy-hungry and is far surpassed in terms of efficiency in processing
data by the brain working in parallel. A solution to this energy dilemma is
given by neuromorphic engineering, which has as its objective the construc-
tion of an electrical equivalent of different brain and nerve branches, which,
like the biological model, should enable analog and parallel data processing
utilizing oscillating spikes. This technology has the potential to be several
orders of magnitude more energy efficient than existing digital Complemen-
tary Metal Oxide Semiconductor (CMOS) technology depending on the task
at hand and the data available. While CMOS technology dominates in al-
gebraic tasks, it is outperformed by its neuromorphic competitor in pattern
recognition. The coexistence of these two technologies with interwoven struc-
tures for the most efficient processing of the whole task spectrum is therefore
most likely for future systems. Material integration of neuromorphic com-
ponents is a non-negligible task due to the high requirements of the CMOS
technology manufacturing process.

Hafnium dioxide (HfO,), seems to be a candidate worth discussing due to
its compatibility with existing technologies and its versatile electrical prop-
erties. In addition, it is considered to be an already well-researched material
due to its decades-long application in nuclear technology, power electronics
as well as CMOS technology. This work deals with comprehensive analyses
of the electrical properties of HfO, concerning an application as a memristive
device, which together with the oscillator, are considered one of the two basic
elementary building blocks.

After an introduction to the fundamentals relevant to the analyses, the
first three publications cover the recently discovered ferroelectric properties
of HfO, and the superconducting properties of niobium nitride electrodes.
Ferroelectric films, which, as is the case with HfOs, have a scalability down
to the single-digit nanometer range, have versatile applications and high po-
tential in both digital and analog technologies. A particular focus of the
investigations is on the training effect known from other ferroelectric films,
which is particularly strong for HfO,, as well as the domain wall behavior
and ultimately the compatible deposition of superconducting electrodes and
ferroelectric thin films. As cause for the ferroelectric training effect a ferroe-
lastic 90° domain switching of [110] oriented grains can be found. A Rayleigh



analysis reveals that the domain wall behavior can be characterized into four
different modes including their transitions.

In the two following publications, the memristive behavior and the under-
lying structure of HfO,, which are already integrated into a fully functional
memristive device, are investigated. In the course of the analysis, it is shown
that memristive switching is enabled by a manipulation of a space charge re-
gion due to the charging and discharging of electron traps in the HfO, layer.
Double positively charged oxygen defects with two different effective cross
sections can be defined as necessary defects for the memristive effect in this
system.

The results shown in this work provide profound information on the appli-
cation of HfO5 in memory elements, which is particularly useful with respect
to its application in neural networks and thus in the transition from digital
to analog technology.

German Abstract

Der stets wachsende Energiebedarf der modernen Gesellschaft, welcher durch
aufstrebende Technologien wie kiinstliche Intelligenzen zusétzlich bestarkt
wird, stellt uns vor eine wesentliche Herausforderung. Der Wechsel von der
digitalen hin zur analogen Datenverarbeitung, welche durch neuronale Struk-
turen inspiriert ist, scheint in Anbetracht der aus der Umwelt bereitgestell-
ten analogen Daten mehr als sinnvoll zu sein. Jedoch ist das Simulieren
beziehungsweise Emulieren auf der bestehenden digitale Technologie enorm
energieaufwandig und wird in Bezug auf die Effizienz in der Verarbeitung
von Daten durch das parallel arbeitende Gehirn bei Weitem iibertroffen.
Eine Losung dieses Energiedilemmas verspricht das Neuromorphe Engineer-
ing, welches als Zielsetzung den Aufbau eines elektrischen Aquivalents von
verschiedenen Hirn- und Nervenarealen hat, welche gleich dem biologischen
Vorbild eine analoge und parallele Datenverarbeitung anhand von oszillieren-
den Spikes erméglichen soll. Diese Technologie hat das Potenzial um mehrere
Groflenordnungen energiesparsamer, als die bisher bestehende digitale Siliz-
iumtechnologie abhangig von der gestellten Aufgabe und den zur Verfiigung
stehenden Daten, zu sein. Wahrend bei algebraischen Aufgaben die Siliz-
iumtechnologie dominiert, wird sie im Bereich der Mustererkennung klar
von ihrem neuromorphischen Konkurrenten tibertroffen. Eine Koexistenz
dieser beiden Technologien mit ineinander verwobenen Strukturen fiir eine
moglichst effiziente Bearbeitung des gesamten Aufgabenspektrums ist daher
fiir zukiinftige Systeme sehr wahrscheinlich. Eine Materialintegration von
neuromorphen Komponenten ist aufgrund hoher Anforderungen des Herstel-



lungsprozesses der Siliziumtechnologie eine nicht zu vernachlassigende Auf-
gabe.

Hafniumdioxid (HfO,) scheint aufgrund seiner Kompatibilitdt mit beste-
henden Technologien sowie seiner vielseitigen elektrischen Eigenschaften ein
vielversprechender Kandidat. Zusatzlich gilt es durch seine jahrzehntelange
Anwendung in der Kerntechnik, Leistungselektronik und Siliziumtechnolo-
gie als bereits gut erforschtes Material. Diese Arbeit behandelt umfassende
Analysen der elektrischen Eigenschaften von HfO, in Bezug auf eine Anwen-
dung als memristives Bauteil, welches zusammen mit dem Oszillator als einer
der beiden elementaren Grundbausteine gilt. Nach einer Einfithrung in die
fiir die Analysen relevanten Grundlagen behandeln die ersten drei Publikatio-
nen die kiirzlich entdeckten ferroelektrischen Eigenschaften von HfO, sowie
die supraleitenden Eigenschaften der Niobiumnitrid Elektroden. Ferroelek-
trische Schichten, welche, wie es bei HfO5 der Fall ist, eine Skalierbarkeit bis
in den einstelligen Nanometerbereich besitzen, haben sowohl in der digitalen
als auch anlogen Technologie vielseitige Anwendungsmoglichkeiten und ho-
hes Potenzial. Ein besonderes Augenmerk der Untersuchungen liegt auf dem
durch andere ferroelektrische Schichten bekannten Trainingseffekt, welcher
bei HfO,, besonders stark auftritt, sowie auf dem Doméanenwandverhalten
und letztlich der kompatiblen Abscheidung von supraleitenden Elektroden
und ferroelektrischen Diinnschichten. Wahrend fiir das ferroelektrische Train-
ing Hinweise auf ein ferroelastisches 90° Doménenschalten von [110] orien-
tierten Kornern als Ursache gefunden werden konnen, kann das Verhalten
der Doménenwénde in vier verschiedene Modi inklusive deren Uberginge
charakterisiert werden.

In den zwei folgenden Publikationen wird das memristive Verhalten sowie
dessen zugrunden liegende Struktur von HfO,, welches bereits in einem voll-
funktionsfahigen memristiven Bauteil integriert ist, untersucht. Im Zuge
der Analyse zeigt sich, dass das memristive Schalten durch eine Manipu-
lation einer Raumladungszone, welche durch das Laden und Entladen von
Elektronen-Fallen in der HfO, Schicht ermoglicht wird. Doppelt positiv
geladenen Sauerstofffehlstellen mit zwei unterschiedlichen Wirkungsquerschnit-
ten konnen in diesem System als notwendige Defekte fiir den memristiven
Effekt definiert werden.

Die in dieser Arbeit gezeigten Ergebnisse geben tiefgreifende Informatio-
nen zur Anwendung von HfO, in Speicherelementen, welche besonders im
Hinblick auf die Anwendung in neuronalen Netzen und somit im Wandel von
der digitalen zur analogen Technik von groflem Nutzen sind.
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1. Introduction

The exponential increase in data volume due to emerging Big Data technol-
ogy, such as Internet of Things, Machine Learning, consume data processing
in server farms, as well as the burgeoning autonomy, leads to a societal as well
as governmental need for a scalable and energy-efficient information technol-
ogy adapted to these complex new tasks. The hitherto existing holy grail of
Complementary Metal Oxide Semiconductor (CMOS]) technology seems to
be no longer adapted to the new variety of challenges, such as processing un-
structured data, that have developed around traditional arithmetic tasks in
recent years|CSA19]. The gap in the performance of memory and processor
in the traditional Van Neumann architecture will lead to an encounter with
the well-known "memory wall” soon[McKO04]. This circumstance is due to
the physical limits of process manufacturing, which will cause a soon end of
paradigms such as Moore’s Law which for decades were considered the solid
cornerstone of information technology|[TW17; Man00].

An additional demand on the new technology, apart from coping with
the data volumes, is to maintain a high level of energy efficiency in the pro-
cessing of this task. While the average worldwide electrical energy demand
is increasing by 3% annually, the proportion of energy consumed by digital
devices each year is rising much faster at 7% [IEA21]. To put this energy
hunger of modern information processing in perspective, Berkeley Lab re-
searched the annual energy consumption of 70 billion kilowatt hours to keep
the Internet running [She+16]. This energy consumption is equivalent to the
total energy generated in Switzerland. In a society where there are more
active mobile devices than people [Alv22], reducing the energy consumed
by information processing and thus reducing emissions of climate-damaging
gases is an equally important part of designing a technology that succeeds
or complements technology. Machine learning systems account for
an increasing share of the information processing energy consumption (Fig.
, which emulates analog data processing based on the biological model of
a brain.

Various approaches as alternatives or supplements to technology
have been discussed in the scientific world in the last two decades. It should
be noted that each of these approaches has its strengths and challenges. Be-
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Figure 1.1: Trends in training computed by floating point operations
(FLOPs) of 102 milestone systems between 2010 and 2022 on a semiloga-
rithmic scale. The trend in the remaining models stayed the same before
and after 2016. Adapted from Sevilla et al.[Sev+22|, the unnamed data
points can be looked up in the source.

sides Quantum computing, Neuromorphic computing is one of the main hope-
fuls [CGW21]. The basic idea of neuromorphic computing is constructing an
architecture based on the human brain, consisting of neurons as information
processing centers, which are connected by modelable synapses. The emu-
lation of the information processing of a brain thus made possible enables
robust and parallel processing of complex tasks. Especially in the area of
pattern recognition, neural networks outperform conventional technology by
far, especially when the energy consumption for processing the tasks is taken
into account. Harnessing the biology that has been shaped by evolution for
more than a billion years promises enormous potential as a complement to
existing computing systems when implemented with the right technology. In
addition, it is possible to produce a part of the already developed neuro-
morphic technologies compatible with the existing manufacturing processes
of traditional technology. This makes integrating existing systems
easier, and existing processes can be maintained.

A recent implementation of the neuromorphic approach is the Loihi 2 chip
from IBM, which with its approximately one million neurons and 120 mil-
lion synaptic connections [Orc+21], has already reached the scale of complex
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beings such as a honey bee. The Loihi 2 chip is based on digital technology,
which emulates analog switching. An analog modulation of the connection-
weights between neurons would come closer to the biological model and
promise a higher energy efficiency and fault tolerance. The basic build-
ing block for such a connection is an analog switch which is the technical
equivalent of the biological synapse and is called a memristor or memristive
device.

This work focuses on the operation and possibilities of the tech-
nology process compatible material [HfOy] in applying two different analog-
switching memristive device concepts. The first case focuses on a memris-
tive device utilizing a trap-assisted field effect for a change in the resistive
state. Here, the [HfOg layer acts as an active layer that modulates a space
charge region by charging and discharging electron traps. For the second
case, the recently discovered ferroelectric switching of [HfO,] is investigated,
which promises great potential for application in memristive devices due to
its scalability. The analyses focuses on [lmpSped, supported by Hard X-
ray Photoelectron Spectroscopy (HAXPES)) and Transmission Electron Mi-

croscopy (TEMI).
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2. Neuromorphic computing

The origin of neuromorphic technology is the attempt to create an infor-
mation processing system based on the biological model of a hierarchical
network structure of neurons and synapses [MP43|. The first efforts of an
artificial reconstruction of the learning behavior of humans are attributed
to Farley and Clark in the 1950s, who developed a simple artificial neural
network based on the design of the perceptron, which was able to represent
a self-organized learning algorithm [FC54; Ros58|. The far-reaching further
development of backpropagation was added to neural network theory about
20 years later by Werbos [Wer74; Wer90| and broadened the horizon for pos-
sible applications. With the help of error backpropagation, it was possible
to perform efficient supervised learning on neural networks. These digital
emulations of analog processes are often computationally expensive due to
the analytical mathematics of error backpropagation.

In order to meet the different requirements of complex tasks, a variety of
different neural networks has already been developed based on the percep-
tron. These can be roughly divided into Deep Neural Networks (DNNI) and
Spiking Neural Networks ([SNNJ)[WS22]. While the [DNN] approach is closer
to existing technology and allows easy embedding into technology by
a reduced representation of neurons and synapses, follows an approach
very close to the biological model. Through information transfer and pro-
cessing which, like in the human brain are based on spikes and events,
assume a more energy-efficient processing[GAQ9].

The biological cornerstones both types of networks use are neurons and
synapses. Their functions and possible artificial replicas are explained in
more detail below.

2.1 Biological model

Biological nervous systems exhibit distinct characteristics in information pro-
cessing. These systems are known for their highly parallel energy-efficient
and adaptive architecture. Regarding pattern recognition, tolerance to fail-
ures, and cognitive tasks, even simple organisms surpass supercomputers,

17
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Figure 2.1: Sketch of a neuron including an enlarged sketch of a synapse and
the illustration of a single action potential, a spike. |BK22]

especially in power efficiency . The exceptional properties of these
systems come from fundamental building blocks that utilize neurons as cen-
tral processing units. These neurons are interconnected through synapses,
forming a complex three-dimensional network called the connectome. Fig.
illustrates the structure of a neuron, including the soma, dendrites, axon,

and synaptic connections with other neurons [She8§|.

2.1.1 Neuron

Neurons are specialized cells in the nervous system that transmit and pro-
cess electrical and chemical signals, facilitating communication within the
nervous system. The neuron serves as the fundamental unit of the nervous
system, enabling the transmission of information between different parts of
the body and facilitating various physiological and cognitive functions. The
structure of a typical neuron includes the cell body (soma), dendrites, axon,
and axon terminals. The cell body contains the nucleus and is responsi-
ble for essential cellular processes and signal integration. Dendrites extend
from the cell body and receive incoming signals from other neurons through
synapses. Axons carry electrical signals away from the cell body, while axon
terminals, located at the end of the axon, contain synaptic vesicles filled with
neurotransmitters. The function of a neuron involves several key processes.
Neurons receive incoming signals through dendrites, which are stimulated
by neurotransmitters released from neighboring neurons. The neuron inte-
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grates these signals in the cell body and if the combined signals surpass a
certain threshold, it generates an action potential. An action potential is an
electrical signal initiated at the axon hillock, propagating along the axon.
This rapid depolarization of the neuron’s membrane enables the transmis-
sion of the electrical signal toward the axon terminals. A myelin sheath aids
in increasing the speed of signal propagation through saltatory conduction
[Smi03; Rud08].

When the action potential reaches the axon terminals, it triggers the
release of neurotransmitters into the synaptic gap. These neurotransmit-
ters diffuse across the synaptic gap and bind to receptors on the dendrites
of neighboring neurons, initiating electrical signals in those neurons. This
transmission process continues, allowing for the relay of information from
one neuron to another [Ham01].

2.1.2 Synapse

A synapse is a specialized junction between two neurons that enables com-
munication and signal transmission within the nervous system. Its primary
function is to transmit information from a presynaptic neuron to a post-
synaptic neuron through the release and reception of chemical messengers
known as neurotransmitters. At a synapse signals are transmitted when an
electrical impulse, called action potential, reaches the axon terminals of the
presynaptic neuron. This triggers the release of neurotransmitters stored in
synaptic vesicles into the synaptic gap. The neurotransmitters then diffuse
across the synaptic gap and bind to receptors located on the postsynaptic
neuron. This binding initiates chemical signaling in the postsynaptic neu-
ron, leading to the generation of postsynaptic potentials. These potentials
can be either excitatory, depolarizing the postsynaptic neuron and increas-
ing the likelihood of an action potential, or inhibitory, hyperpolarizing the
postsynaptic neuron and reducing the likelihood of an action potential. The
postsynaptic neuron integrates the excitatory and inhibitory signals it re-
ceives from multiple synapses. If the combined signals reach the threshold
for an action potential, the postsynaptic neuron generates its own action
potential, propagating the signal to the next neuron [HamO1].

To ensure proper signaling, neurotransmitters in the synapse are swiftly
removed. They can be taken back up into the presynaptic neuron through
reuptake or broken down by enzymes in the synaptic gap. A synapse could
be therefore seen as a junction that facilitates the transmission of signals
from one neuron to another. It involves the release, diffusion, and binding of
neurotransmitters, leading to the generation of postsynaptic potentials in the
receiving neuron. This synaptic communication allows for the integration and

19



processing of signals, enabling the transfer of information and coordination
within the nervous system [BS11].

2.2 Memristive devices

The memristive device is one of the most important units of neuromorphic
networks and is as diverse as the field of application in which it is used. While
the first memristor was built by H. Davy as early as 1801 |[LCH14], it took
several more years for the concept and potential to be properly understood.
With the mathematical definition of Chua |[Chu71|, which was revised several
years later |[Chul4d], and the growing interest caused by the approaching
memory wall, the field gained more attention. Over the course of the last
few decades, a large toolbox of the most diverse functionalities of memristive
devices has accumulated, in which each is adapted to the specific criteria of
the application. A uniform evaluation of the devices on the basis of defined
criteria is therefore not trivial, it is more advisable to take a valuation-free
view with respect to the intended field of application.

The largest number of memristive devices with two contacts and usually
consisting of a metal-insulator-metal sequence can be categorized into five
physical processes (Fig. . While most publications distinguish between
unipolar /bipolar switching or between electronic or redox-based processes,
this work focuses on the feasibility of using [CMOSlcompatible as an

insulating layer.

Phase Change Mechanism

One possible physical mechanism for memristive switching is the structural
change in a material, altering the resistive state. This mechanism is called
Phase Change Mechanism (PCM]). An often-chosen mechanism is the phase
change between an amorphous (disordered state) and crystalline phase (or-
dered state) of chalcogenides [Xu+20]. In addition, vanadium oxide is gaining
increasing interest in the field of due to its low phase change tem-
perature]LMH19; |Ord+19; Dri409]. During the operation of a memristive
device, a voltage is applied across the device, causing an electric current to
flow through it. This current prompts the chalcogenide material to undergo
a phase change. The movement of atoms or molecules within the mate-
rial leads to a change in its resistive state. Specifically, in the amorphous
phase, the material exhibits higher resistance, while in the crystalline phase,
it shows lower resistance. The key mechanism is the migration of ions within
the material. When an electrical current passes through the device, cer-
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tain ions migrate from one region to another, inducing the transformation
from amorphous to crystalline or vice versa. This migration is facilitated
by applying an external electric field and the heat generated by the flowing
current. What’s particularly intriguing about this phase change mechanism
is its non-volatile nature. Once the material transitions between phases, it
maintains its new resistive state even after removing the voltage. This prop-
erty enables memristive devices to function as memory elements, capable of
storing information by encoding data as distinct resistance levels associated
with the different phases.

Thermochemical Mechanism

The [PCM] and the Thermochemical Mechanism (T'CM]) are both considered
unipolar switching types of process. However, the switching mechanisms are
quite different. Switching to the on-state in the [TCM]is, simply stated, en-
abled by a dielectric breakdown of the insulator. Increasing the current flow
through the insulator, usually made possible by a Poole-Frenkel effect, leads
to a thermal runaway. Using the example of a metal oxide as an insulator,
the thermal runaway can be described as splitting into metallic and oxide
ions, which experience an opposite diffusion due to the strong temperature
gradient in the surrounding insulating material. This results in forming a
Conductive Filament (CE]) consisting of the thermally more stable metal
ions surrounded by a slightly more oxidized layer of metal oxide [IBW11;
Yan+12]. The formed is "frozen” in the conductive state in most cases
by using current compliance.

Switching back to the non-leading off-state of the device is made possible
by omitting the current compliance. This allows the current to be increased
above the limit used to form the [CEF] which is necessary to cause a partial
or total breakdown of the by a thermally activated process. A partial
breakdown leads to the reoxidation of the in the thinnest place, mainly
in the center of the insulating layer due to its hourglass-like shape [CSA19].
The [TCM assumes the formation of a switching filament, made possible by a
redox-related process. High temperatures and currents are required to enable
the memristive switching processes.

Electrochemical Mechanism

The switching mechanism in an [ECM] device is enabled by the field-driven
migration of metallic cations. This requires either an active metal electrode
in combination with a solid electrolyte layer through which the cations of the
active electrodes can move or, alternatively, an insulator layer doped with
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Figure 2.2: Five different Principles of resistive switching in memristive de-
vices for neuromorphic computing with their on- and off-states. Three of
these principles namely [ECM| VCM| and [EEM| have already been imple-
mented using [HfO4] as active memristive layer [Wei+15}; |Ciip+19; Mar+23;

Zah 23],

mobile cations. The movable cations here are often silver or copper, which
are driven by a solid electrolyte often made of binary oxides such as Silicon
dioxid (SiO4]) or [HfO,] [Kim+23; Wei+15}; [Tap+11].

In the first step of switching from the off-state to the on-state, cations
are generated by oxidation of the active electrode. These migrate, driven by
the applied electric field through the solid electrolyte to the inert counter
electrode at whose surface they undergo reduction. There, the metal atoms
accumulate in a self-reinforcing stochastic process, forming a[CE] between the
active and inert electrodes. Applying a negative voltage dissolves the by
reversing the redox process.

Valence Change Mechanism

In the Valence Change Mechanism (VCM]), the active species are not in-
troduced into the system by an electrochemical process as in the Electro-
static/Electronic Effect Mechanism (ECM]). Instead, they are formed during
the manufacturing process by the formation of defects . There-
fore, knowledge about defect density and defect chemistry is essential to get
a basic understanding of the switching processes. In the forming step, gas
atoms, mostly oxygen or nitrogen, are moved in an insulating layer with
a low migration barrier by applying an external voltage, which leads to
a non-stoichiometry of the insulating material [Par+13]. This local non-
stoichiometry, caused by the occupation of vacancies, influences the conduc-
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Figure 2.3: Four different Electrostatic/Electronic Effects Mechanisms for
resistive switching. The two left principles are based on the charging and
discharging of electron traps, while the two right principles use the polariz-
ability of ferroelectric layers to change their resistive state.

tivity of the insulating material. In general, the switching mechanisms of the
are divided into two types: filamentary and interface-based [CSA19).
Like[TCM] [ECM], and the[VCM]also assume the formation of a switching fila-
ment, which is made possible by a redox-related process. In contrast to[TCM]
however, no high temperatures and currents are required here, but only the
applied electric fields enable the memristive switching processes to be driven.
In addition, the switching and switching back of and [VCMlbased com-
ponents require the application of electrical voltages in both polarities, which
is why they are counted among the bipolar switching processes [Str+11].

Electrostatic/Electronic Effect Mechanism

Another resistive switching mechanism that can appear both as a binary
effect and as an analog effect is the memristive Electrostatic/Electronic Ef-
fect Mechanism (EEM]). This broad term covers many effects that play an
essential role in this work. The two memristive effects discussed in this
thesis are the Space-Charge Limitid Conduction (SCLC]) effect and the fer-
roelectric effect. In addition, a direct influence of Poole-Frenkel emission and
Fowler-Nordheim tunnels by electron traps are also counted among the [EEM],
which are outlined in Fig. 2.3l A direct influence of the charge carrier flux
dominated by either Poole-Frenkel emission or Fowler-Nordheim tunneling is
carried by the change of state of electron traps located inside the bulk or at
the interfaces[Sch+22b; |[Mai+23].

The is enabled by the presence of electron traps whose occupation
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state can be changed by applying external electric voltages. The trapping
and releasing of electrons in the electron traps modulate a space charge zone
due to the internal field change, which influences the charge carrier flow and
thus enables switching between different resistive states. The position and
influence of the space charge zone can be different. On the one hand, the
space charge region can form in the wide band gap semiconductor, providing
a sufficient amount of electron traps that behave as dopants|Liu+08§]. On the
other hand, this can also happen in a semiconducting layer adjacent to the
dielectric containing traps|Mar+23; Zah+23|. The second case is sketched
on the left side of Fig. and can lead to analog resistive switching in the
right configuration. A detailed analysis and modeling of a memristive device
based on this physical mechanism can be found in the two publications 4 and
5 of this thesis.

Kohlstedt et al. demonstrated one of the first applications of ferroelectric
layers in random access memories that exhibited pinched hysteresis|Mey+04].
The memristive property is achieved by modeling a tunnel barrier adjacent to
the ferroelectric layer. A change in polarity in the ferroelectric layer leads to a
change in the effective path length to be tunneled for the charge carriers and
thus alters the device’s resistance. A sketch of the mechanism is shown on the
right side of Fig. [2.3] In recent times, there has been a variety of [HfOo}based
memristive devices that have taken advantage of the mechanism shown by
Kohlstedt et al.[Mik+20; [Yan+23; [Du+21|. Another possibility of resistive
switching using ferroelectric layers is shown by Mikheev et al. by model-
ing a space charge region of an adjacent semiconductor by the alternating
ferroelectric polarization instead of a tunnel barrier|[Mik+19]. This mecha-
nism can also be called [SCLC| which is based on the polarization change of
a ferroelectric instead of the field effect of electron traps. A sketch of this
mechanism is also shown in Fig. [2.3] An alternative approach, in which
the information is not stored in the ferroelectric domain but in the domain
wall, has already been demonstrated for the ferroelectric BiFeO3 (BFO).
Here, ON-OFF ratios of about three orders of magnitude were obtained by
precisely controlling the domain wall length [Sha+17].
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3. Hafnium dioxide

Hafnium dioxide has already been in industrial use for several decades as a
refractory insulator thanks to its high melting point and high polymorphic
transformation temperature together with its low thermal conductivity (1.5
W/mK) [GK85; [WLS92; [ MIK03]. In the early 2000s, was discovered
as a possible replacement for amorphous in gate dielectric applications,
which until then had been considered the gold standard [DN05|. The reason
for this was the scalability of transistors, which was hindered by in
which the small layer thickness and the relatively low dielectric constant of
(3,9) led to parasitic effects such as leakage currents. In the course of the
search for high-k materials, which was already known as a thermally
stable material thanks to its high dielectric constant (16-30), was the logical
choice as a replacement for [Si0yl The newly discovered field of application of
was followed by decades of research aimed at investigating the dielectric,
mechanical, electrical, and thermal properties of in its application as a
gate dielectric [SHF19]. Only about a decade later, two further applications
for the fluorite-typ oxide were discovered, in 2011 as a ferroelectric [Bos+11]
and a short time later as a resistive switch for neuromorphic applications
[Cov+15; (Cov+16; Mat+15]. Both discoveries provide growing interest in
the oxide type, which is reflected in the number of publications. In the
following two subsections, the most important aspects of ferroelectricity and

charge trapping in will be discussed.

3.1 Ferroelectricity in [HfO,

About 100 years ago, four decades after the discovery of piezoelectricity
[CC80], ferroelectric behavior was discovered in Rochelle salt by J. Valasek
[Val21]. The same behavior was also demonstrated in the mid-19th century
in perovskite structures, which were used from then on as the basic building
blocks for two essential elements of digital computing, i.e. the ferroelectric
random-access memory (FeRAM) and the ferroelectric field-effect transistor
(FeFET). However, a lack of compatibility with processes, together
with scaling problems in the sub-100 nm range, stood in the way of in-
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Figure 3.1: Phase diagram of bulk [HfO, accompanied by the schematic struc-
tures of the unit cells of various polymorphs. The ferroelectric Pca2; phase
cannot be a stable phase for any temperature and pressure in bulk [HfOg]
whereas ferroelectricity can be induced in doped [HfOy] or Hf;_,Zr, O, films
deposited by various techniques. There are two different kinds of Pbca or-
thorhombic phases: anti-polar and nonpolar, which should be carefully dis-
tinguished [Sch+22a]. Reproduced with permission from Springer Nature.

corporation of the perovskite-structured ferroelectric devices into integrated
circuits on silicon basis[Sch+22a]. Although the scalability issues of ferro-
electric perovskites have been overcome over the last couple years ,
the discovery of ferroelectricity in [HfOg| due to its compatibility has
led to increased interest in the field of ferroelectric memory and process de-
vices and expanded it to include applications such as logic-in-memory and
neuromorphic computing.

The discovery by Boscke et al. is even more surprising because up to
this point, it was assumed that the phase diagrams of fluorite structures, in
particular [HfOo had already been sufficiently explored to rule out a stable

polar phase |[Oht+01]. As can be seen from the phase diagram in Fig. , the
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stable phase of at room temperature is the monoclinic phase (P2;/c).
With a temperature feed at constant ambient pressure, a phase transforma-
tion into the tetragonal phase (P4s/nmc) can take place, which begins at
about 1800 K. If the pressure is increased, the transition temperature from
monoclinic phase to tetragonal phase can be lowered up to a pressure of
about 4 GPa. If the pressure of 4 GPa is exceeded, the antipolar orthorhom-
bic I phase (Pbca), not to be confused with the non-polar orthorhombic V
phase [KF21], and the orthorhombic IT phase (Pnma) can also be stabilized
at lower temperatures [Sch+4-22a]. Stabilization of the polar orthorhombic-II1
(Fig. phase was thus not expected and the causes for the formation of
this phase were unclear at the outset due to the nontrivial observability of
the phase transition between the olll phase and the t phase without forming
the m phase. After a large number of studies, a confluence of several factors
consisting of doping density, oxygen deficiency, surface energies, quenching
rate, as well as mechanical stress and strain, was found to be the cause of
this metastable phase transition. Due to the acting shear forces, together
with the thermal quenching of the phase transition, this diffusionless trans-
formation process can be described as martensitic [SHEF19]. The fabrication
steps and their physical significance for stabilizing the polar olll phase are
described subsequently.

During the deposition of an oxygen-defective undoped or doped [HfO,| film,
an amorphous structure is assumed, which may contain small crystal seeds.
The subsequent rapid heating step to a temperature above 400°C leads to a
crystallization of the film, which follows the Ostwald rule [Van84]. This rule
states that a system passes through several metastable intermediate stages on
its way from a high-energy state to an energetically favorable state |Ost97].
Crystallization during the rapid heating starts with the nucleation of the t
phase due to its reduced free energy, small surface and interface energy in the
temperature range 400°C to 1000°C compared to other crystalline phases of
[Par+19; [PLH19|. As the grain sizes increase, the energetic advantage
of low interfacial energies of the t phase over the other phase decreases. A
phase transition to the polar ollIl phase and then finally to the m phase, which
has the lowest bulk free energy follows. This phase transition is nucleation
limited and can be described by classical nucleation theories based on the
thermodynamic parameters of the three phases. Using simulated parameters
leads to a lower nucleation barrier for the t-to-olll phase transition than for a
t-to-m phase transition and a much higher nucleation barrier for the olll-to-
m transition. These results are consistent with the assumption of formation
from a metastable oIIl phase along the lines of the Ostwald rule [PLH19;
Bat+17; KMK17].

Thus, "freezing” the favored olll phase requires an appropriate cooling
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rate after the RTPl Investigations into the cooling rate showed that the
strongest possible quenching of the sample is advantageous. While a slow
cooling favors a t to m phase transformation and an abrupt quenching allows
the stabilization of the olll phase, a cooling rate between these two leads to
the formation of the anti-polar ol phase [Ku-+20].

Since the t phase acts as the basis for the subsequent stabilization of the
olll phase, it is important to create favorable conditions for its formation
during crystallization. In polycrystalline layers, small grain sizes below 15
nm serve this purpose |Par+18; MKK15|, which can be achieved either by
the presence of Oxygen Vaccancies (VOI) [Sch+22a] or by a grain structure
of small size in the underlying electrode layer. prevents crystallization
of the [HfO9 layer during deposition and thus inhibits the growth of crys-
talline grains. However, while the introduction of too many can lead to
parasitic effects such as leakage currents |[SDO00|, a high density of pinning
centers for domain walls and resistive switching [Cov+16; [Cov+15], a too
hypo-stoichiometric oxygen concentration favors the growth of the m phase
[Mit+19]. A sensitive tunability of the oxygen content during deposition,
together with a fast cooling rate, is thus an essential tool for preparing fer-
roelectric [HTO4 films.

[HIO,| differs from other ferroelectrics not only in the method of produc-
tion but also in polarization characteristics. While conventional perovskite
ferroelectrics usually have a decentralized position of a cation describing the
polarization, shows a shift of half of the oxygen atoms within a unit
cell [MKK15| (Fig. . This property leads to unique domain and domain
wall characteristics. While different domain wall types, such as Bloch types
[Vas+13| or Ising-Neel types [BGN16|, can be observed in perovskites, the
fluorite structures of [HfOo show highly localized domain walls and domains
which can be as small as the size of a unit cell [Led+22|. This is possible due
to extremely flat phonon bands that inhibit the interaction between dipoles,
making them individually switchable [Lee+20]. Despite the highly localized
domains, Rayleigh behavior could be demonstrated for the movement of the
mass centers of the domain walls, which thus appear to interact with the pin-
ning centers in a similar way to the Ising walls (Publication 3). A change in
the polarity of the aforementioned off-center oxygen ions is indicated by the
movement from one tetrahedron face to another via the tetrahedron centers
[Yua+22]. The two polarity states of the oIl phase can be seen in Fig. 3.2,

In addition to the many advantages over conventional ferroelectrics, how-
ever, [HfO4| also has hurdles regarding integration capability for memory el-
ements. One of these is the so-called "wake-up effect”, which describes the
gradual increase in polarization over the number of switching cycles |Jia+21].
Such behavior can also be observed in perovskites |[Fen+17], but in contrast
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Figure 3.2: Polar orthorhombic Pca2; phase with down polarization (left)
and up polarization (right). Reprinted from [MKK15|, with the permission
of AIP Publishing.

to fluorite ferroelectrics, it is completed after only a few cycles. The cause of
the wake-up effect in doped [HTOj]is widely believed to be the influence of re-
distribution of and the phase transformation from the non-ferroelectric
phase to the ferroelectric phase. The successive redistribution of dur-
ing cycling ensures the degradation of internal electric fields, which in turn
leads to the depinning of the ferroelectric domains. Thus, the number of
domains involved in the polar switching process increases, and the remanent
polarization increases with the number of cycles [Jia+21].

For undoped ferroelectric [HfO4| films, (020)/(002) d-values for [110] tex-
turing determined by [TEMI images were found to indicate structural rear-
rangement. The change in d-values during training indicates a gradual fer-
roelastic 90°domain switching, where a change of the in-plane b-axis to the
out-of-plane c-axis occurs. This process should be facilitated by a redistribu-
tion or uniform distribution of VOl just as in the case of doped layers, which
induce a helpful structural disorder by compensating for the missing negative
charge . The increase in parasitic leakage currents with a number of
cycles during wake-up indicates such redistribution of oxygen vacancies in the
undoped layers studied. The observations on the training process in undoped
[HIO,] layers and the influence of temperature during [RTP] can be read about
in more detail in publication 1. General information about ferroelectricity
and its application in information storage elements can be obtained from the

following literature [Ish12].
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3.2 Charge trapping in

The Shockley-Read-Hall (SRH) theory is a widely used model in semiconduc-
tor physics to describe the recombination and generation of charge carriers
(electrons and holes) in a material. The theory was developed by William
Shockley, Walter H. Read, and Robert N. Hall in the 1950s [Sho+50; SR52;
Hal52].

The SRH theory focuses on the defects or impurities present in a semi-
conductor material that can act as recombination centers for charge carri-
ers. The model can also be applied to wide-band gap semiconductors with
defects like [HfOo These defects can arise from various sources, such as crys-
tal lattice imperfections, impurity atoms, material impurities, or interface
states [Ruc+21]. Defects introduce energy levels within the semiconductor
bandgap, which can trap and release charge carriers.

According to the SRH theory, the recombination and generation rates of
charge carriers in a semiconductor material containing defects are determined

by three main processes: capture, emission, and thermal equilibrium [Kha05;
SLN21].

1. Capture: When a charge carrier (either an electron or a hole) ap-
proaches a defect, it can be captured by the defect and get trapped
in one of the energy levels associated with it. This process depends on
the availability of energy states and the density of the defects.

2. Emission: Trapped charge carriers can be released or emitted from the
defect energy levels and recombine with a carrier of the opposite type
(e.g., an electron and a hole). The emitted carrier can contribute to
the material’s electrical current flow.

3. Thermal Equilibrium: In the presence of thermal energy, charge carri-
ers in a material have a certain probability of occupying energy levels
within the bandgap. This probability depends on the temperature and
the energy levels available. The thermal equilibrium process involves
the redistribution of carriers among different energy levels, including
those associated with defects.

The SRH theory introduces two key parameters: the capture cross-section
(o) and the carrier lifetime (7). The capture cross-section represents the
probability that a charge carrier will be captured by a defect when it comes
into contact with it. The carrier lifetime represents the average time a charge
carrier survives before recombining with another carrier. The lifetime is
inversely proportional to the recombination rate [SLN21].
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A mathematical description of the SRH theory can be made by using
detailed balance equations and statistical mechanics principles. Analyzing
the rates of carrier capture and emission provides insights into the efficiency,
performance and defect types as well as defect distribution of insulating and
semiconducting devices such as solar cells, transistors, photo- and tunnel-
diodes. For a simple case 7 of a charge carrier trapped in the energy level E;
below the conduction band E. can be described by [SR52]:

E.— Et
kgT )
with N¢ as defect density, vy, as mean thermal and velocity of the charge
carriers. For a better understanding of the electron trapping process, liter-
ature on the Franck-Condon principle [Cond7; Lax52| and elastic electron
tunneling [Goe+10], whose transmission rate is dependent on the charge car-
rier lifetime, is recommended.
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Figure 3.3: Electronic energy levels (Kohn—Sham states) in the band gap of
m{HfO,] for oxygen vacancies in different charge states: (a) calculated for
c{HIO,] in Ref. [Xio+05] with respect to the band edges of Si; (b) for four-
coordinated oxygen vacancy from Ref. |Gav+06]; (c¢) for three- and four-
coordinated oxygen vacancy from Ref. [BP06]. Reprinted from [GPI16],
with permission from Elsevier.

Due to the many different configurations of oxygen defects in [HfOo] [GPT16],
numerous charge-trapping processes at various energy levels are conceivable
for a defect-rich material (Fig. [3.3)). While these defects cause problems for
the application as an insulator, for example in a transistor gate stack, they
can be helpful in other devices.
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In SONOS (silicon-oxide-nitride-oxide-silicon) cells, for example, a defect-
rich electron trap layer can be used to create an analog memory mechanism,
which is well suited for neuromorphic networks due to its high accuracy and
low information loss over time [Yi+22; |Xia+22]. Similar applications can
be found for analog switching NAND memories, which exploit the defect
structure of [HfOo among others [Kim+17; [Yoo+15].
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4. Fabrication process

In the course of this work mesa structures with [HfOgas the active layer for the
resistive switching process and ferroelectric capacitors with [HfOo as ferroelec-
tric with and without superconducting electrodes were fabricated. Niobium
nitrid (NDN)) was used as a superconducting electrode, and Titanium ni-
trid (TiIN]) as a non-superconducting electrode. Both electrodes are charac-
terized by their inertness to oxidation processes|BR03|. All prepared layers
were deposited by sputter deposition. In the case of the ferroelectric ca-
pacitors, the deposition of the ferroelectric was followed by a [RTP| process.
The structuring of the devices is done by photo-lithography and lift-off tech-
niques. The lithography process is explained in detail in the following litera-
ture[Mor12; Lev05]. The exact process parameters of the various devices can
be found in the publication.

4.1 Sputtering

All samples fabricated in this work were prepared using the sputter depo-
sition method. This sputtering method allows the deposition of conductive
and non-conductive films by ballistic removal of atoms from a target using
ionized gas atoms accelerated in an electric field. The extracted target atoms
condense on the substrate surface after the impact process. To enable the
ionization of gas atoms and the subsequent collision processes, the deposi-
tions usually occur in a pressure range between 1072 mbar and 1072 mbar.
The process gas can be Ar, which is an inert gas, or reactive gases such as
O or Ny, which are necessary for the production of alloys.

The deposition equipment used was, the Univex 450B and a self-built
sputtering system. In both systems background pressure of 2 - 8 - 10~7 mbar
was achieved, while the process pressure was between 5 - 1072 mbar and 5
- 1072 mbar. All conductive layers were deposited using the DC magnetron
sputtering process. For the non-conductive layers, the DC magnetron
process was also used in the case of the memristive devices based on the
trap-supported field effect, while AC magnetron sputtering was used for the
ferroelectric [HIOo| layers. Different sputtering methods were utilized by using
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a ceramic target for the ferroelectric process, while a metallic target
was taken for the deposition of the layer for the memristive device.
Due to the varying target configurations for the [HfO,| deposition processes,
the process gases were also chosen differently. While an inert process gas
consisting of pure argon was used for the deposition process of the ferroelec-
tric layers, a reactive gas mixture consisting of Ar and Oy was used for the

memristive layers.

Figure 4.1: Thornton diagram illustrating the nanostructures of thin films
prepared by sputtering at different argon pressures and substrate tempera-
tures. Reprinted from [Tho77], with the permission of Annual Reviews, Inc.

Sputtering processes offer major advantages over other deposition tech-
niques in terms of deposition rate and process parameter variation |Mit+419].
This results in a high degree of flexibility in the area of stoichiometry and
morphology of the deposited layers. This advantage of sputter deposition
is relevant in many aspects of the coatings produced in this work. For the
[HfO,| layers in the memristive range, the number of oxygen defects is de-
cisive for the resistive switching effect |[Zah+23|, and the oxygen content is
also relevant for the ferroelectric layers, whose crystal structure is largely
determined by the resulting stress [Mit+19]. In the case of the fabricated su-
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perconducting electrodes, the morphology, particularly the crystallinity
and grain size, is crucial for superconducting properties, such as the tran-
sition temperature. This is due to a relation between the coherence length
and the morphology of the crystal lattice assuming superconducting grains
in a non-superconducting matrix [Jon75; [DIG74]. In order to grow layers
with different desired physical properties, such as superconductivity and fer-
roelectricity on top of each other, with one layer preferring epitaxial growth
or large grains and the following layer preferring small grains, it is neces-
sary to harmonize the morphologies. For this purpose, plasma diagnostics,
as well as the model of Thornton et al. were used, which shows the influ-
ence of the sputtering process parameters pressure and temperature on the
microstructure in a most illustrative way (Fig. [4.1)[Tho74; [Tho75; Klu+03}
And10].

Zone 1 of Thornton’s structural zone diagram (SZDI) describes the growth
of a low-density layer due to low surface diffusion. Characteristics of this zone
are needle-like grains and the high density of defects. This zone changes to
the more dense T zone when the process pressure is reduced, or the tem-
perature is increased. The T zone shows much lower surface roughness and
larger fiber-like grains than zone 1. The increased adatom mobility leads to
columnar growth of grains with narrow lateral extension in zone 2. Zone 3 is
defined by in situ recrystallization due to mass diffusion during the deposi-
tion process. The coatings produced under these process conditions usually
exhibit high morphological similarity to the target material. A classification
of [NDNI films deposited by sputter deposition in the and the plasma
parameters existing during the process can be found in the publication 2.
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4.2 Rapid Thermal Processing

[RTPI has been practiced in the semiconductor industry and semiconductor
research for about four decades and describes the rapid heating of electronic
devices. This technique was developed as an incentive to make processes in
the semiconductor industry more agile and to shorten them in order to meet
the time-to-market requirements for new products. The main difference to
Conventional Furnace Process (CFD]) is the source of heat generation and
heat transfer. While the uses resistive heating, which is transferred by
direct heat conduction through mechanical contact or convection, the [RTPI
usually uses radiant heat, which is generated, for example, in light sources
such as halogen or quartz lamps.

The advantages of the [RTP| compared to the are the apparent short-
ening of the process duration and the reduction of the process activation
energy. The homogeneity of the heat distribution and the measurability dur-
ing the heating process, which in turn influences the controllability of the

process, are disadvantages of the [RTP| [Fuk03].
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Figure 4.2: IR camera images taken at one-second intervals shortly after an
[RTPl in the self-built oven.
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One use in current technology processes is heating thin high-k materials
to adjust their dielectric properties for nano-scaled MOSFET applications.
A study of [HIOg] which has been established as a high-k material since 2007,
showed reduced capacitance-voltage hysteresis and leakage current for an
[RTP! in nitrogen atmosphere [Sin+12]. Under the same process conditions,
ferroelectric behavior in Si-doped [HIOo was published five years after the first
experiments |[Bos+11; [Sch+22a]. The [RTPI gained new fame through the
new application area of manufacturing FE [HfO,] devices and the associated
commotion.

The furnace used in this work for [RTPl is self-built and consists of a
stainless steel vacuum chamber in which two projector lamps with 500W
each are mounted above and below a sample holder with an area of 10 mm x
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10 mm. A background pressure of 5 x 10~° mbar was achieved by means of
a turbo vacuum pump. Nitrogen and oxygen were available for the bright-
ening process, which was carried out at ambient pressure. To measure the
temperature, a type K thermocouple was attached directly below the sample
holder, which recorded the process values for regulation by the proportional-
integral-derivative (PID) controller. This setup allowed the processing of
small substrates at high speed during this work. However, the disproportion
between lamp footprint and sample size and the different reflection properties
of the sample and thermocouple surface leads to the previously mentioned
disadvantages of such an [RTD| setup. The different reflective properties of
the surfaces make it difficult to determine the process temperature precisely,
which is why it is regarded as a relative value or reference value in this work.
The inhomogeneity of the heat distribution on the processed sample, caused
by the mismatch of lamp imprint and sample size, resulted in a radial tem-
perature gradient. While a temperature gradient is a yield issue for industrial
processes, it can be useful to obtain information about temperature varia-
tions in a research application. For this purpose, temperature images were
taken with an IR camera of a sample shortly after an [RTP] (Fig. (4.2)).
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5. Analytics

5.1 Impedance spectroscopy

5.1.1 Fundamental Principles

aims to identify physical mechanisms in a system that affect the
flow of charge carriers through that system. For this purpose, the system
is excited with a perturbation that generates a response modulated in am-
plitude and phase [Las02]. The causes of the modulation can be manifold
and can be exemplified by a mechanical analogy, which can be seen in Fig.
£l Here we assume a black box filled with interconnected mass centers for
the first case, with a liquid for the second case, and a combination of the
first two examples for the third case. All three cases lead to an alteration of
the perturbation signal but with different causes. Distinction of the mech-
anisms and corresponding model development is only possible by a suitable
combination of several experiments.

From the analogy, one can already guess the complexity of the super-
position of diverse mechanisms in the response given by the system, which
illustrates the advantages and disadvantages of this method of investigation.
Simply phrased: The advantage of is the simplicity of use; the
disadvantage is the scope for interpretation of the spectra.

For an electrical or electrochemical system, the procedure can be
described close to the mechanical analogy: A time-invariant system is exited
with a perturbation signal which will excite many fundamental microscopic
processes, ranging from the transport of electrons by different transport
mechanisms like divers tunneling phenomena and Schottky contact behavior
to the interactions and/or movement of ions. As mentioned by the examples
for electron transport, the interfaces play a crucial role since, at the inter-
face, all physical properties of the bulk material are abruptly and dramat-
ically changed. Unfortunately, extracting information about, i.e., a specific
interface from an impedance of a multilayer system is not trivial. Therefore
different measurement modes are used, which will be explained later in detail.
In a superordinate definition, three main measurement modes can be distin-
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F(t) = Ay sinf[(2n/T) - t]+ B,

I1T)

Figure 5.1: I) A physical system with multiple connected centers of mass
is excited by a perturbation F(t) and gives a response R(t). II) A physical
system filled with a fluid that dampens the perturbation. III) A combination
of I) and II).

guished: Transient analysis, white noise analysis, and frequency response
analysis [Wan+21; |CP10]. The latter is the most frequently used analy-
sis method which can also be used as a Fast Fourier transformation (EET])
analysis [PS93; [Val4+19]. For [FLTT] analysis, all frequencies of the desired
spectrum are applied at once, which is near to white noise analysis with a
defined spectrum. This approach makes it possible to measure systems that
are not time-invariant, such as memory or switch systems that are measured
beyond their threshold voltage |[Mar+23|. These measurement operands are
embedded in a routine developed by Barsoukov and Macdonald to charac-

terize physical systems using (Fig. [BMO5].

5.1.2 Frequency Dispersion

Frequency dispersion in refers to impedance variation as a function
of the frequency of an applied AC signal. It is commonly observed in systems
and materials that possess electrical or electrochemical properties and it pro-
vides valuable information about the dynamic behavior and characteristics
of the studied system. During the measurements, an AC signal with a small
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Figure 5.2: Measurement routine for the characterization of a physical system

using (adapted from Barsoukov and Macdonald)[BMO05].

amplitude is applied across the system at different frequencies. The response
of the system is measured in terms of complex impedance, which includes
both resistive and reactive components [BMO05].

Frequency dispersion arises due to the interaction between the applied
AC signal and the intrinsic electrical properties of the system. It can be
attributed to various phenomena, including capacitive or inductive effects,
charge transfer processes, interfacial effects, and dielectric relaxation. While
a capacitive element exhibits decreasing impedance with increasing frequency,
an inductive element displays increasing impedance|PF20; |Las02].
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In electrochemical as well as purely electric systems, frequency disper-
sion often arises from charge transfer processes occurring at the electrode-
electrolyte interface [CCC96|. The kinetics of these processes, such as charge
transfer reactions or diffusion, contribute to frequency-dependent impedance
behavior. Interfacial effects between different phases of the same material
can also contribute to frequency dispersion|[PJ17].

Materials with polarization effects, like dielectric relaxation in insulating
materials or ferroelectric/ferromagnetic polarization, can also display fre-
quency dispersion. Relaxation processes involving the realignment of dipoles
or charge carriers result in frequency-dependent impedance behavior. An ex-
ample of such processes can be seen in the Rayleigh principle of ferromagnetic
and ferroelectric domain wall displacements [Sch+18; [Bec+20).

Analyzing the frequency dispersion involves the above-mentioned fitting
of impedance spectra to mathematical models and equivalent circuits. This
allows the extraction of parameters such as resistances, capacitances, and
time constants associated with the different processes contributing to the
impedance response. Frequency dispersion in finds applications in
various fields, enabling the characterization of electrical properties, investiga-
tion of charge transport mechanisms, and evaluation of interfacial phenom-
ena.

5.1.3 Equivalent Circuit Elements

Physical models for equivalent circuits are used to represent the chemical
and physical processes that can be excited and observed during the applied
perturbation[BMO05|. The equivalent circuit created with the help of these
models can thus be understood as a mathematical equivalent of the physical
system under investigation. These are essential for the understanding and
interpretation of impedance data. In the next step, by fitting the equiv-
alent circuit to the measured impedance data, essential parameters of the
system’s own processes can be determined. This results in a more complex
understanding of the studied system.

The three basic physical models consist of the passive elements of re-
sistance, capacitance, and inductance [Las02]. In addition to these three
elements, the pinning element, which describes the dispersion of the elec-
tric field by the domain wall motion, is also important for the ferroelectric
systems studied in this work. These models are paraphrased in more detail
below.
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RC Element

The impedance of an RC (resistor-capacitor) element refers to the total oppo-
sition the RC circuit presents to the flow of alternating current (AC). Unlike
a resistor alone, an RC element includes both resistance and reactance, where
reactance is associated with the capacitive behavior of the circuit.

In an RC circuit, the resistor (R) restricts the current flow, while the
capacitor (C') introduces a reactance that depends on the frequency w of
the AC signal. The impedance of the RC element is denoted by the symbol
Z and is a complex quantity that combines resistance and reactance. The
impedance of an RC element can be calculated using the following formula:

1
| Zre| = (5.1)
() + (56)?
with the phase difference:
¢ = tan" ' (—wCR) (5.2)

where Zpo is the modulus of the impedance of the RC element, R is
the resistance of the resistor, C' is the capacitance of the capacitor, and w
is the angular frequency of the AC signal (in radians per second), given by
w = 2 f, where f is the frequency. The term (1/(wC')) represents the ca-
pacitive reactance (X.) of the RC element. Capacitive reactance is inversely
proportional to the frequency of the AC signal and is given by:

1

X. = o (5.3)
The impedance Z combines the resistance and the reactance, considering
their magnitudes and the phase relationship between them. It’s important
to note that in an RC circuit, as the frequency of the AC signal increases, the
capacitive reactance decreases, leading to a decrease in the overall impedance.
Conversely, as the frequency decreases, the capacitive reactance increases,

resulting in an increase in the overall impedance [PF20].

Pinning Element

While the two preceding circuit elements, resistor and capacitor, have been an
integral part of impedance analyses for decades, the pinning element has only
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been part of scientific discussions for the last few years|Sch+18; Bec+22]. The
pinning element is used to analyze Rayleigh behavior in ferroelectric layers.

The term Rayleigh behavior, in this case, refers to an analogy between
the behavior of ferroelectric domains in an applied electric field and the
behavior of ferromagnetic domains in an applied magnetic field [DD96]. The
magnetization of a material can be described by the displacement potential
energy of the Domain wall (DW]), which can be defined as follows [Ray87;
Jili5):

(Bo) = ptinit Ho + o Hg, (5.4)
= init + H,

with as By and Hy as the amplitude of the magnetic induction,u is the
magnetic permeability (with p;,;; as initial value at zero magnetic field), and
a as Rayleigh constant. Analogously, without the quadratic dependence of
the field, the following was found for the complex relative permittivity of
ferroelectrics in the region between the threshold field €, = €, — i€/ and the
partially switching electric field Eps (Er < Eo < Epg ), where dielectric
polarization already becomes nonlinear [Sch+18; [HS99]:

6,(Eo) = €., + o' Eq, (5.6)
€/ (Ey) = €., + o Eq, (5.7)
with Fy as amplitude of the electric field, €, ;, and €;, as real and imag-
inary part of the reversible Rayleigh parameter ¢, ;,, and o/ and o as real
and imaginary part of the Rayleigh constant. The irreversible DW] motion is
described by o’ Ey. Thus, the real part of the Rayleigh constant can be inter-
preted as a measure of the mobility of the[DW] Constraints on [DW] mobility
are determined by the number of pinning centers, the film thickness, and the
density of the DW[Bas+07].

The Rayleigh equation for the ferroelectric P-E hysteresis loop follows a
proportionality between the real part and the imaginary part of the Rayleigh
constant:

4
nm__ =
—37]_0(.

a (5.8)

The logarithmic frequency dependence for the transition of[DWlin a rough
energy landscape, with a high density of local energetic minima, between two
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metastable states[FMS04] added by Becker et al.|Bec+22| can be described
by:

1H
i) = Ching + Al ). (5.9)

1Hz
2n f

€

d(f) = ap+ Ad'In( ). (5.10)

From Equations [5.6] and [5.9] follows the redefinition of the real
part of the relative permittivity:

1Hz

GIT(ECH f) = Ef/‘,in,O + O{BEO + [AEI 27Tf )’

! + A EyIn( (5.11)

with €., o as the frequency-independent component of the reversible DW]
displacement, A ;, as the zero-field contribution to the logarithmic disper-
sion strength, af as the frequency-independent component of the Rayleigh
constant, and o as the coupling strength between dielectric non-linearity and
frequency dispersion. The latter is defined as the change of logarithmic fre-
quency dispersion strength with field amplitude or equivalently as the change
of the irreversible Rayleigh parameter with the logarithm of the frequency.

For the imaginary part of the complex permittivity applies:

EZ(E()) = 6;/,1-” + O/,Eo. (512)

As can be seen in Eq. [5.12] the complex part of the permittivity responds
independently of the changing electric field. However, it contains a factor
€,.in» Which represents the zero field contribution and is therefore 0 in non-
stressed ferroelectrics without an internal field.

As a result of the assumptions above an equivalent circuit element, the
so-called pinning element Zpy was extracted by Becker et al. [Bec+20;

Bec+22]:

E;*/,O - i[d,o + Aeﬂn(éf}f)]

20 fCof[ehy + Aclin(YE) 24}

(5.13)

Zpw

Detailed information on the determination of dispersion parameters can
be found in the publication " Domain Wall Movement in Undoped Ferroelec-

tric [HfOgt A Rayleigh Analysis”.
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5.2 Plasma Measurements

The physical parameters of the process plasma for thin film deposition, such
as floating potential, electron temperature, and the energy flux to the sub-
strate, are crucial for the morphology and stoichiometry of the deposited lay-
ers as well as the defect density of the layers underneath. Insights into plasma
parameters are therefore of great advantage when tuning layer properties. To
determine the plasma conditions during the magnetron sputtering processes,
the energy fluxes during the deposition of the layers were measured. A planar
probe consisting of a copper plate to which a type K thermocouple and a
bias cable are attached served as a Passive Thermal Probe (PTP)) as well as
a Langmuir Probe (LP]) [Gau+17; (GHK19; [ML26]. This probe served both
as a passive thermal probe and as a Langmuir probe. The copper plate with
a diameter of 11 mm and thickness of 100 pm is surrounded by a cylindrical
shield made of stainless steel. In order to have equal field conditions for the
deposition process and the measurements, an additional stainless steel shield
with the dimensions of the sample holder was attached to the probe.

All plasma measurements were performed under the same process condi-
tions as the sample deposition. While no potential was applied to the copper
plate for the [PTP] measurements, a voltage between -30 V and +15V was
applied for the [LP] measurements [Cip420]. The shield of the sample was
meanwhile permanently at the ground potential, as was the sample holder
during the deposition process. An illustration of the probe and the theoret-
ical basis for analyzing the data acquired using and can be found
in Publication 2. The development of the probe as well as the measurement
technology for recording the data, was carried out at the Chair of Experi-
mental Physics of Prof. Dr. Kersten.

5.3 X-ray diffraction Measurements

X-ray diffraction is a powerful technique used to study the atomic and molec-
ular structure of materials. It is based on the principle that when X-rays pass
through a crystal, they interact with the electrons and nuclei of the atoms
within the crystal lattice, resulting in constructive and destructive interfer-
ence of the X-ray waves [War90]. By measuring the resulting diffraction
pattern, one can determine the arrangement of atoms within a crystal and
obtain valuable information about its properties. The following key points
are relevant to the basic understanding of this measurement method |[WAS86]:

1. Interaction with Crystals: When X-rays interact with a crystal, they
undergo elastic scattering, which means they change direction with-
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out losing energy. The crystal acts as a three-dimensional diffraction
grating, scattering the incident X-rays in different directions.

2. Bragg’s Law: The diffraction of X-rays can be explained using Bragg’s
law, which relates the angles at which X-rays are diffracted to the
spacing between the crystal planes [EJ66]. It is given by the equation:

nA = 2dsin(0) (5.14)

where n is an integer, A is the wavelength of the X-rays, d is the distance
between the crystal planes, and 6 is the angle of incidence or diffraction.

3. Diffraction Pattern: When a crystal is exposed to X-rays, a diffraction
pattern is formed due to the constructive and destructive interference
of the diffracted X-rays. The pattern consists of a series of spots or
peaks corresponding to the different crystallographic planes within the
crystal.

4. Crystal Structure Determination: By analyzing the positions and inten-
sities of the diffraction spots in the pattern, the arrangement of atoms
within the crystal lattice is deduced. This information is then used
to determine the crystal structure, including the unit cell dimensions,
atomic positions, and bonding arrangements.

An example of an X-ray Diffraction (XRDI) pattern of in a mixed
crystal form of cubic and orthorhombic can be found in Publication 2. For
a deeper insight into the analysis, the following textbooks are recom-
mended [War90; WAS86; BUAL5].

5.4 Transmission Electron Microscopy

[TEMI has become the primary tool for characterizing the microstructure of
materials. While X-ray methods offer more quantitative diffraction patterns,
electrons have an advantage in being easily focused. This allows for measur-
ing diffraction patterns from microscopic regions and selecting single micro-
crystals for analysis.

The general working principle of [TEM] consists of the transmission of a
coherent and focused electron beam through a thin (typically around 50-100
nm) specimen. The interactions of the beam with the probe structure, while
passing through, result in scattering and energy loss of the electrons. After
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the Transmission, the electron beam forms an image of the specimen on the
detector. This image depends on the different interactions of electrons with
the specimen resulting in varying contrast levels and therefore highlighting
different features within the specimen. Samples with the necessary thickness
of 100nm and below can be prepared using Focused Ion Beam Etching [HS07].

Electron optics enable imaging of electron intensity variations in thin
specimens, leading to ”diffraction contrast” microscopy, useful for detecting
defects like dislocations, interfaces, and second phase particles. In "high-
resolution” transmission electron microscopy (HRTEM), phase-contrast imag-
ing preserves the phase of diffracted electron waves, allowing the formation of
precise images of atom columns. Additionally, electron nanobeams and high-
angle annular dark-field imaging enhance high-resolution imaging capabili-
ties. Analytical [TEM| employs Energy-dispersive X-ray Spectrometry (EDS)
and Electron Energy-loss Spectroscopy (EELS) to obtain chemical informa-
tion by analyzing electronic excitations in the specimen |[FH12].

Modern [TEM] offer diverse imaging modes, including diffraction contrast
imaging, phase contrast imaging, and spectroscopy with focused electron
beams. Scanning Transmission Electron Microscopy (STEM]) utilizes a fo-
cused electron beam in a raster pattern, enabling data acquisition for spec-
troscopy work and chemical mapping of samples.

All MEM| and data shown in the publications were collected by
Ole Gronenberg from the chair ”Synthesis and Real Structure” of Professor
Kienle.

5.4.1 Electron Energy-loss Spectroscopy

The increasing demand for high spatial resolution imaging, diffraction, and
spectroscopy methods to understand atomic processes in solids has been
driven by the growing interest in nanoscience and nanotechnology. [I'TEEM] is
particularly valuable as it provides structural information with exceptional
spatial resolution, down to atomic dimensions, through high-resolution [TEM]
imaging and electron diffraction. Chemical information from the same spec-
imen region can be obtained using analytical techniques such as and
[Bry20].

[EELS], due to its broad range of inelastic interactions with high-energy
electrons, offers unique possibilities for advanced materials analysis. The
energy-filtering technique in [TEM] has led to practical applications in both
materials and biological sciences. Modern[TEM]|with high-brightness electron
sources and spherical aberration correctors have pushed the image resolution
to the 50 picometre level, especially in [STEM] equipped with Cs-probe cor-
rectors. is based on inelastically scattered electrons interacting with
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atomic electrons in the specimen, leading to energy loss and bending of the
electron beam. The energy distribution of these scattered electrons provides
information about the local atomic environment, which relates to the physical
and chemical properties of the specimen. The electron energy-loss spectrum
shows characteristic features, including a zero-loss peak representing trans-
mitted electrons and valence peaks containing information about the band
structure and dielectric properties of the material. At higher energy losses,
ionization edges appear, providing information about the ionization energy
and qualitative analysis of chemical elements [Hof+16].

5.5 X-ray Photoelectron Spectroscopy

All photoelectronic spectroscopic are based on the photoelectronic effect,
which Einstein and Rutherford described as the interaction between photons
and atoms leading to various outcomes, such as the emittance of electrons.
Capturing the energy of emitted electrons, which were excited by photons,
sums up the basic principle of Photoelectron Spectroscopy (PES) in simple
words. However, from the development of the concept of the idea of the
photoelectronic effect to the first measurements of copper Core levels by
the Group of Siegbahn and reliable calibration of a setup took several
decades [NSS57; |SD20]. Given by the desire to be able to detect inner core
level energies of copper atoms, the emergence of was taking place
concisely with the first steps of development. [TAXPES] which is defined
by its higher photon energies (>2 keV) for the excitation of electrons, is
especially in terms of extracting depth information of examined structures
[WW16|. Thus surface phenomena such as charging etc. can be neglected.

To determine the electronic structure of a material composition or el-
ement, the sample is illuminated with photons in the X-ray range, whose
energy input can be described as hr by the Planck relation. Then the ki-
netic energy (K E) of the emitted electrons is measured by influencing their
trajectory with a spherical electric field. This allows the recording of a spec-
trum of the kinetic energies of emitted electrons as a function of their velocity.
A formal description of the process shows in simple terms the possibility of
calculating the binding energy (BE) between the emitted electron and the
binding atomic nucleus:

BE =hv— KFE — ¢WF (515)

As an additional quantity for the calculation, the work function ¢y p
of the spectrometer is required, which can be regarded as the calibration
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constant of the measurement setup. A representation of the binding energies
is done by plotting the measured intensities over the binding energy. Here,
the measured nuclear levels ideally appear as a narrow peak, which can be
assigned by means of a notation containing the corresponding element and
emitting orbital. To get a clear picture of the electronic structure, it is
recommended to use a monochromatic source to avoid satellite peaks and
similar artifacts, which can overlap with the desired measurement data.

To gain additional information about the depth dependency of the elec-
tronic structure, angle-resolved X-ray Photoelectron Spectroscopy (XPS)
could be utilized. In angle-resolved [HAXPES] the photoelectrons are mea-
sured at different angles with respect to the sample surface. By varying the
angle of detection, information about the photoelectron emission angle with
respect to the sample surface can be obtained. This allows the determination
of the momentum and the in-plane electronic band structure of the material
[WW16|. A schematic drawing of this measurement method can be found in
Fig. 1 of Publication 4. All data presented in Publication 4 were recorded
by Finn Zahari from Professor Kohlstedt’s Nanoelectronics group at DESY.

Further information on the subject can be found in these textbooks
[Vanll; WW16].
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6. Brief combined summary of
the Publications

The five presented publications are divided into two different areas of ap-
plication of in memristive devices. The first three manuscripts cover
the fabrication of both ferroelectric and superconducting [NDNI films by
magnetron sputter deposition. Ferroelectric materials are promising candi-
dates for neuromorphic computing synaptic devices due to the nonvolatile
multiplicity of spontaneous polarization. The last two publications, already
cover an application of in a synaptic memristive device, which shows
analog area-based switching due to a trap-assisted field effect. The analysis
methods used are [TEM] and as well as [LP] and [PTP] for

plasma probing.

Ferroelectric [HfO,| for memristive applications

First Publication: Initially, [TEM]|analyses are used to investigate a system
consisting of [TIN| electrodes and undoped The focus of this [TEM]
analysis is the training effect of pristine layers, the interdiffusion at the
interfaces to the electrodes, and the variation of the temperature in the [RTD
due to the previously mentioned (Ch. temperature gradient.

The most important findings obtained during this analysis are the indica-
tions of the rotation of the orthorhombic grains from an in-plane orientation
to an out-of-plane orientation during the training phase. This rotation prob-
ably occurs by swapping the b and ¢ axes. In addition, depending on the
temperature during the RTP| different regions can be distinguished, varying
in electrical properties and morphology. The differences in morphology can
be defined in particular by the varying strength of the interdiffusion.

Second Publication: In this subsequent work, the correlations of plasma
parameters of magnetron sputtering processes and structural and electrical
properties of [NDNI films are investigated. Compared to the previously de-
scribed electrodes, [NbN] electrodes show better inertness with respect to
interdiffusion at interfaces. In addition, the superconducting property allows
a variety of new applications. However, the use of superconducting [NDN] as
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electrodes necessitates a compromise since an essential parameter of super-
conductivity, the coherence length, depends on the grain size to an opposite
extent, as does the ferroelectricity of the [HfO] layer. This means, that for
good superconductivity, a growth of large grains is necessary, while for sta-
bilizing the ferroelectric orthorhombic phase, small grains are advantageous.

In order to be able to control this trade-off, profound information about
the production process is required. The process pressure and the target-
substrate distance could be determined as important parameters for manip-
ulating the grain size during sputter deposition. Their influence is directly
related to the mean free path of the particles to be deposited, which in turn
influences their energy during impact on the substrate surface. If the particle
energy is too low, the necessary adatom mobility to form a crystalline layer
is missing, and if the energy is too high, defects can form in the layer.

Third Publication: The third publication combines the findings on fer-
roelectric [HfO5] and superconducting [NbN] of the first two publications in one
device. The ferroelectric capacitor structure is chemically and structurally
analyzed by [TEMl and [EELSl Furthermore, its ferroelectric switching be-
havior, which is due to the movement of domain walls, is investigated by
Rayleigh analysis based on

The Rayleigh analysis method allows us to obtain a comprehensive un-
derstanding of the flexibility of domain walls. The flexibility of the domain
walls is, in turn, conditioned by the interaction with pinning centers, which
must be overcome as hurdles. Thus, on the one hand, statements can be
made about the density of pinning centers, and, on the other hand, a clas-
sification can be made for the different modes of motion of the center of
mass of a domain wall in dependence of the applied electric field strength
and frequency. The motion modes are especially interesting for application
in synaptic memristive devices since partial switching can be induced by an
appropriate frequency adjustment of the applied electric field.

The role of [HfO,] in synaptic memristive device

The following two publications four and five are a complementary analysis of
the behavior of [HfOy] in a memristive device consisting of a multilayer stack
exhibiting area-based switching. Among other applications, such devices are
considered an essential building block of bio-inspired neuromorphic architec-
tures, which aim to replicate the data processing of nervous systems since
they can be exploited to emulate the plastic behavior of biological synapses in
electronic circuits. The Nb/NbO, /Aluminium oxid ([Al,O)) [HIOo/ Au mem-
ristive device shows similar switching behavior to other devices reported pre-
viously [Han+15]. A profound understanding of the mechanisms responsible
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for the resistive switching effect is essential for tailoring the electrical charac-
teristics for specific applications and can pave the way for developing devices
compatible with traditional technology. The complex physics behind
this low-power resistive switching is investigated electrically and chemically
in the following two publications.

Fourth Publication: In the fourth publication, the memristive de-
vices under investigation exhibit filament-free interface-type analog resistive
switching, high I-V non-linearity, and low power consumption characterized
using the spectroscopic methods of XPS| and as well as
[TEMl The switching from a high-resistance state (HRS) to a low-resistance
state (LRS) is achieved by applying a positive voltage to the top electrode.

First, the quasi-static IV characteristics of the device, as well as the
switching and retention of the memristive effect, are analyzed. This re-
veals a diode-like IV behavior, which indicates the existence of an Space
charge region (SCRI), as well as an analog area-based memristive switching
without electroforming. An analysis of the multilayer stack reveals a
complete oxidation of the [HfO5] and [Al,O4] layers as well as an anoxidation
of the bottom electrode with a thickness of about dyyo, = 5 nm + 2 nm.
This circumstance can be attributed to the reactive sputtering process of the
[HIO,] layer, which leads to anoxidation of the layers underneath. The degree
of oxidation of the anoxidised bottom electrode can be explained as a mix-
ture of NbyOs and NbOy. A pronounced plasmon peak at 23 eV indicates
a stoichiometric In addition, the [TEM]| images from the cross-section
show a rough interface between the NbO, and the [Al,O3] layers. During the
memristive switching from HRS to LRS, a positive BE shift, which cannot
be explained by a chemical change of about 110 meV, can be detected for the
core levels of the Hf** species by XPSl Depth-resolved [HAXPES| measure-
ments complete the picture of the electronic structure and show that the
is neither in the [HfOg layer nor in the [Al,O4 layer and is therefore assumed
to be in the anoxidised bottom electrode. This assumption is confirmed by
the investigations on similar devices with different bottom electrodes, which
show a clearly deviating IV characteristic. In addition, the [HAXPES| inves-
tigations show a drop in the binding energy in the direction of the bottom
electrode.

The results obtained from the investigations can be described by means
of a metal-insulator-semiconductor (MIS) model, in which manipulation of
the located in the semiconductor by charging and discharging electron
traps located in the insulator enables memristive switching. Experimental
evidence for this model is also shown in the companion paper, described
below.
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Fifth Publication:

The fifth study explores various aspects of the aforementioned memristive
devices, including their characteristics, switching mechanisms, Equivalent
Circuit (EC) representation, time-dependent behavior, and the role of surface

states and defects in the charge transport process by [mpSped
As mentioned before, the devices consist of a semiconducting partially

oxidized Nb back electrode (NbO, 5 nm) and an [Al,Oj] layer with varying
thickness and nano-scale roughness at the interface with NbO,. Spectral
analysis of measurements reveals a single half circuit in the [ECL
The current transport mechanism is attributed to thermionic emission and
thus indicates the existence of a [SCR] while capacitive behavior hints to-
wards a superposition of an and an insulator. Changing the resistive
state does not require altering the [EC] but rather involves a quantitative
change in the physical process of charge carrier transport. The change in
barrier height and ideality factor is associated with variations in the [SCR]
leading to changes in the resistive state. The slope of the capacitance-voltage
(C-V) curve indicates the existence of surface states, and the ideality factor
is mirrored in a dimensionless capacitance factor. Resistive switching is ob-
served for voltages above 1V after a 30-second measurement interval, while
voltages above 2V exhibit an ”inductive hook.” A possible explanation for
this behavior is a slow process that gradually reduces resistance over time.

Transient analysis is employed to extract more information about the
switching process, and a bi-exponential function is found to be necessary for
accurate fitting of the transients, indicating the presence of two time con-
stants. Likewise, in the retention measurements, two time constants slower
by three orders of magnitude are observed with the same factor among them.
All observations can be interpreted by fitting with the Shockley-Read-Hall
model. The electron traps associated with energetic and spatial distribution
exhibit multiple time constants, with a trap depth of approximately 0.89
eV, matching the literature-measured depth of [VOP™. Furthermore, it is
suggested that interface traps with smaller capture cross sections are respon-
sible for long-time memory, while bulk traps are responsible for short-time
memory. The charging and discharging of these electron traps cause the
to change its charge, affecting the device’s resistive state.
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7. Conclusions

The presented work shows a detailed analysis of the element [HfOy] with the
first part focusing on its ferroelectric properties and in the latter regard-
ing the memristive behavior due to the charging and discharging of electron
traps. In both cases, the aim is to integrate the two investigated proper-
ties into memristive devices, which are to be used as artificial synapses in
neuromorphic circuits. [HfOg| is particularly suitable for this task due to its
compatibility with existing technology and the wide range of appli-
cations as presented in this work.

The first three Publications study the effects of temperature treatment
and sputtering parameters on thin ferroelectric [HfO,]films and superconduct-
ing [NDN] electrodes. [RTP] with temperature gradients influenced the concen-
tration of and leakage current of [TIN|/[HIO4|/TiN] capacitors. Higher RTD]
temperatures increased [VO| concentrations and leakage current, while lower
temperatures resulted in lower concentrations. Temperature treatment also
impacted the microstructural evolution and ferroelectric behavior of [HfO4]
Wake-up effects and polarization characteristics varied depending on [RTPI
temperature. Cycling of devices revealed a gradual ferroelastic 90°domain
switching of [110] oriented grains with in-plane polarization, which convinc-
ingly explains the evolution of the remnant polarization from 0 to up to 26
pC/ecm? during the wake-up.

Plasma parameters and sputtering conditions influenced the growth and
properties of [NDN] films. Plasma particle energies affected structural layer
properties and transition temperatures. Lowering the process pressure re-
sults in a rise of charged plasma particles with lower kinetic energies, leading
to a significant deterioration in the structural layer’s properties through a
reduction in grain size. This reduction in grain size is directly linked to the
transition temperature of the superconducting thin film. Additionally, struc-
tural analyses allowed for the classification of films by Thornton’s diagram,
confirming that the [NDNI film exhibited the highest crystallinity at a pressure
of 1072 mbar.

With the results of the two previous investigations it was possible to
develop a novel material combination of stabilized films on supercon-
ducting electrodes. The study explored domain wall dynamics by ex-
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ploiting a Rayleigh analysis using the pinning element. Polycrystalline ferro-
electric films exhibit considerably less domain wall flexibility compared
to perovskite ferroelectrics, indicating a higher concentration of pinning sites.
These pinning sites are typically associated with point defects, which, in fer-
roelectric [HTO4, are primarily composed of oxygen vacancies or intact domain
structures, such as nonferroelectric spacer layers situated between the ferro-
electric layers. Detailed analysis using[EELS and electrical data demonstrates
a chemically stable interface between [HfOo] and [NDN] electrodes, revealing no
detectable interdiffusion of oxygen or nitrogen. Consequently, it is presumed
that intact domain structures and portions of the nonferroelectric monoclinic
crystal phase are the primary contributors to the reduced polarization values.
The comprehensive research provided valuable insights into the optimization
and understanding of temperature treatment, plasma parameters, and ma-
terial combinations for enhancing the behavior and properties of thin ferro-
electric [HfO,] films and superconducting electrodes, thereby advancing
the potential applications in memristive electronic devices.

Furthermore, comprehensive characterizations of analog memristive switch-
ing devices were conducted. The devices consisted of Nb/NbO, [AL,O4l/
[HIO,l/Au layers, showing diode-like current-voltage (|J|-V) characteristics.
The stoichiometry of [HfO,] and [Al;O5] was confirmed, and the oxidation state
of NbO, was determined. The memristive switching behavior was found to
be electronic, with no evidence of ionic drift. The diode-like behavior was
attributed to the NbO, layer, while [Al;O3] was not crucial for switching. A
proposed memristive device model involved electron traps within the insula-
tor modulating the space-charge region and overall device resistance. Spec-
troscopic evidence supported the charging and discharging of electron traps
as the fundamental origin of resistive switching. In the companion study,
analysis was employed to gain insights into the state-sensitive in-
terfaces and functionalities of memristive devices. The analysis identified a
single barrier and an imperfect Schottky contact, with a space-charge region
sensitive to the device state. Capacitance analysis and time constants re-
vealed the presence of electron traps. Trap-assisted field-effect altering the
space-charge region was identified as the dominant switching mechanism,
acting as an amplifier for charge state changes. The results were
consistent with experiments on and [TEM], providing a more com-
prehensive understanding of the physical processes involved.

This work analyzed two different methods for using hafnium oxide in
information storage devices. Both the ferroelectric effect with the modelable
domain wall properties and the charge trapping with the relatively deep
electron traps are promising for integration in memristive devices since both
allow gradual switching.
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8. Outlook and future work

Future work on integrating ferroelectric hafnium oxide could be in the fabrica-
tion of ferroelectric tunnel junctions (FTJ). This could enable a tech-
nology compatible artificial synapse with good retention. Further Rayleigh
analysis on ferroelectric with different morphology would be recom-
mended for tuning such a device. Furthermore, the use of superconducting
electrodes for the F'TJ would be conceivable. This would allow low energy
use at cryogenic temperatures and tunneling spectroscopy for further inves-
tigations of the ferroelectric properties.

For the memristive devices, which are based on the modulation of the
space charge zone by the charge state change of electron traps, a replace-
ment of the nondCMOS]| technology compatible materials is recommended.
Replacing the semiconducting niobium oxide with silicon, which is easier to
control regarding doping level, could open up new possibilities in adapting
to special applications. Likewise, changing the intermediate oxide layer from
[AI, O] to other oxides could be interesting since the capture cross section
is changed, which is decisive for the retention. A similarly inert material
such as [TIN| must replace the Au electrode to achieve full technology
compatibility.

Finally, the concepts of memristive devices presented here would need to
be integrated into a neuromorphic circuit as artificial synapses with artificial
neurons in the form of an oscillator network. Such networks would then have
to be adapted to the corresponding tasks, which in turn would require tuning
the functions of the memristive devices again.
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I.1 Summary

This work describes the process and results of plan-view and cross section
[TEM]| sample preparation and the electrical and structural characterization
of ferroelectric devices. Sample preparation for plan-view [TEM] involved
cutting Si wafers into small pieces and punching out sample blanks. An
acetone-soluble resin was applied as a protective layer. The samples
were prepared by thinning the material using SiC sandpaper, a dimpler, and
ion polishing. Electrical characterization of the devices on a Si chip revealed
inhomogeneities in polarization and leakage currents. Three areas (Pos 1,
Pos 2, and Pos 3) showed different electrical properties. Pos 1 exhibited a
wake-up effect, visible polarization, and displacement current. Pos 3 had
lower polarization and higher leakage currents. Pos 2 showed intermediate
behavior. Leakage current density and breakdown voltages also varied among
the positions.

Structural characterization revealed the presence a TiO,N, interlayer be-
tween a [T1N] top electrode and the layer. The columnar structure
was interrupted by the interlayer with different structure and composition.
The TE is intentionally oxidized during reactive sputtering, and the higher
concentration of in the TE for higher annealing temperatures results
in a thinner interlayer. Electron diffraction analysis indicated the presence
of [MIN] with a cubic structure and with a mixed crystal orientation.
Texture analysis showed a (111) texture for [TIN] and multiple orientations
for [HfOo] grains. Microstructural analysis and HRTEM revealed a phase
pure orthorhombic [HfO, thin film, and a structural rearrangement involving
the exchange of in-plane axes with in-plane c-axis switching to the b-axis is
proposed as the cause of the observed wake-up effect. The in-plane c-axis
switched to the b-axis in certain regions of the devices. The different wake-up
behavior of devices from different positions on the wafer is attributed to the
oxygen vacancy concentration and the crystallographic orientation of [HfO4]
The differences in electrical behavior and microstructure were attributed to
variations in annealing temperature during the [RTP| and inhomogeneities in
sputter deposition.

The work provides a detailed account of the sample preparation, electrical
characterization, and structural analysis of ferroelectric devices properties in
dependence of fabrication parameters using plan-view [TEM]L
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ABSTRACT

Fundamental aspects of ferroelectric HfO,, a fluorite-type oxide, are not understood yet. This is evident by different theories regarding,
e.g., the wake-up effect or the antiferroelectric-like behavior of HfO, manufactured with different doping or deposition techniques.
Therefore, we focus on sputtered and undoped HfO, to gain deeper understanding of the ferroelectric properties of pure HfO,. A tem-
perature gradient on a 10 X 10 mm? substrate during rapid thermal annealing led to different ferroelectric device performances in terms
of remnant polarization and the wake-up effect. The results from the electrical characterization are compared to observations by trans-
mission electron microscopy, performed on pristine and trained samples in plan-view as well as in cross section. We observed that differ-
ent temperature treatments caused effects at the interfaces of the TiN electrodes and also affected the microstructure and defect
concentration of the HfO, itself. Devices from the hot corner showed wake-up free ferroelectricity with a remnant polarization below ¢
10 uC/cm’, whereas devices from the cold corner showed a strong wake-up effect with remnant polarization starting from 0 to above
20 uC/cm” after 109 cycles. After observing a small structural transformation in trained devices, we attributed this strong wake-up effect
to gradual ferroelastic switching of pristine [110] oriented grains with in-plane polarization to partially out-of-plane polarization, while
the predominantly (111) oriented grains in the hot corner can suppress the wake-up effect.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100562

1. INTRODUCTION Figure 1 shows the phase transitions of HfO, from the tetragonal (T)
(P4;/nmc) high-temperature phase. This T phase is also stable in

In the last few years, HfO, and related compounds attracted ;
s g P very small grains and with high defect and doping concentrations.'”

considerable interest as high-k gate insulators for advanced

Jpd-auluo LT LOLY60/6202L591/295001L0°G/£901 0L /10p/Apd-(onte/del/die/Bio-die'sqnd)/:dpy wouy pepeojumoq

nanometer-scaled field effect transistors>” and non-volatile storage
elements. These include resistive random access memories
(ReRAMs),” ferroelectric (FE) random access memories (FeRAMs),”
and ferroelectric field effect transistors (FeFETs).” For memory-
related applications, intrinsic or interfacial oxygen vacancies (Vo)
strongly affect the functionality and device performance.”” In non-
ferroelectric ReRAM-cells, the formation and rupture of conductive
filaments is related to the formation and migration of Vo.*” For fer-
roelectric HfO,, V) lead to a stabilization of the FE phasem’]1 and
play an essential role during the wake-up procedure.'”"*

In order to understand the ferroelectric behavior of HfO,, the
crystal structures observed at room temperature need to be discussed.

At room temperature, the thermodynamically stable phase of HfO,
is the centrosymmetric monoclinic (M) (P2;/c) phase which develops
during cooling from the T phase via a symmetric distortion. The
orthorhombic (Pca2;) phase (O-FE) is believed to be responsible for
the ferroelectricity of polycrystalline HfO,”” which develops by an
asymmetric distortion of the T phase.'® Four of the eight oxygen
ions are located in the center of Hf'-tetrahedrons (red in Fig. 1),
while the rest are located on non-centrosymmetric tetrahedron
faces (yellow in Fig. 1). These four anions cause the ferroelectric
switching from one tetrahedron face to another via the tetrahe-
dron centers (i.e., via an intermediate T-like phase).m’21 Figure 1
also depicts the similarity with the fluorite structure, which complicates

J. Appl. Phys. 132, 094101 (2022); doi: 10.1063/5.0100562
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Metastable O-FE phase

Pca2,

Asymmetric distortion

FIG. 1. Models of different unit cells of HfO, in fluorite-type setup. The equilibrium M phase'® forms by a symmetric distortion from the high-temperature T phase,'® while
the metastable O-FE phase'” forms by a asymmetric distortion. In both cases of distortion, the coordination number of four oxygen ions changes from four to three. The
oxygen ions in tetrahedron centers are colored in red, while oxygen ions on tetrahedron faces (triangles) are colored in yellow. These yellow oxygen ions are responsible
for the ferroelectric switching from the lower tetrahedron face to the upper one.'® In the T phase, the a’ vector represents the (110) directions of the T phase without

c-components.

the determination of the exact phase and crystallographic directions
as they differ mainly by the coordination of the anions. The O-FE
phase is metastable at room temperature, and different routes have
been proposed to stabilize it against the M phase. The main factors
are thin film thickness,'"* stress (epitaxial),w’24 oxygen defi-
ciency,'” doping,”® and small grain sizes induced by rapid
thermal annealing (RTA)'® or by amorphous interlayers.”” Also,
TiN electrodes seem to play an important role for stabilizing the
O-FE phase in polycrystalline HfO,.”” The oxygen scavenging of
TiN during deposition and RTA” is believed to create Vo, which
are essential for stabilizing the O-FE phase.'”'" High concentra-
tions of Vo are expected especially at the interfaces to the elec-
trodes. Therefore, different approaches have been proposed to
optimize the electrode interfaces for the ferroelectric HfO,, e.g., by
optimizing the Ar/N, ratio during reactive sputtering of the
TE*™* or by applying a NH; plasma treatment on both inter-
faces.”” All studies showed improved endurance of the devices with
N-rich TiN and concluded that less V are formed at the interfaces
of the optimized electrodes. Also, the insertion of a diffusion
barrier like A,O3,”* TiO,,”*" or HfOxNJ,3 © has been reported to
be beneficial for the ferroelectricity.

Compared to conventional ferroelectric materials such as
lead zirconate titanate (PZT) or barium titanate (BTO),”” hafnia
is distinguished by its necessity of electric field cycling to induce
or increase the ferroelectric polarization. This so-called wake-up
effect was attributed to two main mechanisms: field-induced
structural transformations as well as changes in the defect chem-
istry. Several structural transformations have been reported,
namely, from M to O-FE*® and from T to O-FE.* During
wake-up of Si’- or Zr'-doped HfO,, this T to O-FE transition is
accompanied by an antiferroelectric (AFE)-like behavior and by
the occurrence of double peaks in the I(V) curves. This phase
transition could be reversibly driven by the depolarization field in
the T phase at low electric fields."” Changing the Si- or Zr-doping
concentration can suppress the AFE-like behavior."” More recently,
the electric field-induced transition from the AFE orthorhombic

phase (AFE-O) Pbca to O-FE has been reported for Zr-doped HfO,.
This phase explains more convincingly the observed one unit-cell
wide 180 domain walls (Cheng 2022).°” The second mechanism that
explains the wake-up effect origins from defect related changes and
the commonly discussed defects in HfO, are oxygen vacancies
(Vo)."" A pure defect redistribution without generation of additional
defects was proposed by Pesic et al.*' The highest defect concentra-
tion in the pristine state is likely to be at the electrode interfaces in
the case of oxygen scavenging electrodes like TiN and TaN.” Here,
Vo might pin domain motion, as proposed by Zhou et al."” and con-
firmed by piezoresponse force microscopy (PFM).">** The redistri-
bution of such defects might release pinned domains. However, it is
likely that the defect concentration and distribution are interconnec-
ted with structural transformations, e.g., the T phase being stabilized
at higher Vj-concentrations.”” Density functional theory (DFT) cal-
culations further showed that charged Vi can stabilize the FE-O
phase.’

Nukala et al. observed reversible migration of Vp through
Zr-doped HfO, in a scanning transmission electron microscope
(STEM) during operando field cycling of Zr-doped HfO, and
proved the participation of the Vo during field cycling."”
Nevertheless, the ferroelectricity and the wake-up effect of HfO,

cannot be explained solely by the generation, redistribution, or

migration of oxygen vacancies because ferroelectricity is a strongly
anisotropic structural material property and is, therefore, related to
the microstructure. The optimal orientation for the highest ferro-
electric polarization is [001], where the polarization vector is paral-
lel to the electric field (i.e, out-of-plane of the thin film). In
epitaxial films, a pure [001] orientation is hard to achieve since
[010] almost has the same lattice spacing. Hence, on a (001) ori-
ented yttria-stabilized zirconia substrate with a Sn-doped In,0O;
electrode with Y-substituted HfO,, Shimizu et al. observed a mixed
[010] and [001] oriented thin film. This has a predominantly [010]
orientation with in-plane polarization which may reduce electrostatic
energy. However, field cycling induced ferroelastic 90 domain
switching leads to a predominantly [001] orientation of the HfO,."’

Jpd-auluo LT LOLY60/6202L591/295001L0°G/£901 0L /10p/Apd-(onte/del/die/Bio-die'sqnd)/:dpy wouy pepeojumoq
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Lederer et al. reported ferroelastic switching in polycrystalline HfO,
thin films.”~* In non-epitactic, polycrystalline thin films, the orien-
tation control is much harder and only few reports investigated the
orientation dependence of the ferroelectricity of HfO,. Lee et al
have shown the benefit of [112] oriented grains in 2 nm thick
Zr-doped HfO,, where the c-axis is closer to the plane normal
E-field in comparison to [111] or random orientation.”” Chenk et al.
further concluded that La doping can induce a small [001] texture
improving the remnant polarization (P,) and reducing the wake-up
effect.”

Concluding this overview, ferroelectricity of HfO, is quite sen-
sitive to doping,'i’5 26 Vo—concentration,“’ heat treatment,zg’5 ! and
electrode interfaces.”*”>***® The deposition technique also matters
because of the possible introduction of impurities’ and different
energies during thin film growth. Therefore, in this work, we
investigated radio frequency (RF) sputtered HfO, to get a deeper
understanding of ferroelectricity in pure HfO, with TiN elec-
trodes. For sputtered and undoped FE HfO,, Mittmann et al.
reported a strong temperature dependence for the ferroelectric
and dielectric properties.'’ Here, we present results of samples
after RTA with a large temperature gradient across a 10 X 10 mm?
substrate with TiN/HfO,/TiN devices. The temperature gradient
during RTA eliminates any device-to-device variability from dif-
ferent depositions and facilitates data interpretation.

A combination of electrical characterization and transmission
electron microscopy (TEM) analysis in plan-view and in cross
section in ex situ experiments was applied. The plan-view samples
with trained devices have the benefit of better statistics in diffrac-
tion analysis due to larger analyzed volumes. While cross sections
of thin films with grain sizes smaller than the lamella thickness, on
the other hand, have the inherent problem of superimposed grains.
This hinders precise orientation and phase determination in cross
section of the HfO, phases which are hard to distinguish anyway.
Only the M phase differs significantly from the O-FE and T phase
due to its monoclinic {111}M-splitting. The T and O-FE phases,
however, can be hardly distinguished by means of diffraction. In
the T phase, the (001)T planes correspond to the (100)O planes in
the O-FE phase and the {110}T planes without c-components cor-
respond to the (020)O and the (002)O planes with almost equiva-
lent d-values. Mainly, the anion coordination is different between
these two phases as shown in Fig. 1. The combination of plan-view
and cross section has shown at least two preferential orientations of
HfO, grains: (111) and [110]. In the hot corner, the (111) orienta-
tion dominates, which is able to show wake-up free ferroelectric
polarization. While in the cold corner, the stronger [110] preferred
orientation with in-plane polarization induces a strong wake-up
effect due to ferroelastic 90 domain switching which could be
observed by a slight structural rearrangement.

Il. EXPERIMENTAL DETAILS
A. Device preparation and characterization

TiN back electrodes (BE) were deposited by reactive direct
current (DC) sputtering of a Ti target with 18 SCCM Ar and
6 SCCM N,. Subsequently, HfO, was RF sputtered from a ceramic
hafnia target. A homemade RTA setup was applied to crystallize the
films using a projector lamp in a N,-atmosphere. The temperature

ARTICLE scitation.org/journalljap

was set with a thermocouple near the 10 x 10 mm? Si wafer sub-
strate. By this, approximately 600 °C is maintained for 10s. The TiN
top electrode (TE) was deposited with the same parameters as the
BE after UV-lithography and was patterned by a lift-off process.
Further deposition parameters are given in the supplementary
material. We characterized devices with TEs of sizes of approxi-
mately 25 x 25 and 50 x 50 um?. Current-voltage [I(V)] and polari-
zation-voltage [P(V)] measurements as well as fatigue measurements
are recorded using a ferroelectric analyzer TF2000 from aixACCT.
Corrected P(V) curves were acquired using a Precision Premiere II
from radiant technologies. Capacitance-voltage [C(V)] data were
measured using an HP 4284A Precision LCR Meter from HP.

Infrared (IR) thermal imaging using an Infratec PIR 180
camera with a temperature resolution of 0.08 K at 303 K was per-
formed directly after RTA during cooling with a time-delay of
below 2's.

B. TEM sample preparation and analysis

For plan-view TEM sample preparation, we first cut the Si
wafer piece into 5 x 5mm? pieces by using a diamond band saw.
With an ultrasonic disk-cutter and a SiC solution, sample blanks
with a diameter of 3 mm were punched out. Since the SiC prevents
electrical contacting with the electrodes, an acetone-soluble resin
(Photoresist: AZ 5214E MicroChemicals) was spin coated on top of
the TEs as the protective layer. This resin was completely removed
from the sample blank to train all devices in the center of the
sample with an oscilloscope 10° cycles at 6 Vpp. Subsequently,
TEM preparation in the conventional mechanical way was per-
formed by removing the material starting from the backside so the
devices on top could be investigated. For this purpose, the sample
was pre-thinned to a thickness of approximately 100 um with dif-

ferent SiC sandpaper thicknesses (1200, 2500, and 4000). Hereafter, :

the sample was thinned in the dimpler (Dimple Grinder Model 656
from Gatan Inc.) with diamond grinding paste: a 3 um paste and a
copper wheel were used to remove a depression to a depth of
approximately 30 um, and then, a felt wheel and a paste with 1 um
grain were used to thin three times for 2 min. The final polishing
step was done by argon ions using a Precision Ion Polishing System
(PIPS, Model 691 from Gatan Inc.). The initial acceleration voltage
was set to 3.5kV for 30 min and was reduced to finally 2.0 kV until
a hole with electron transparent edges was created. Cross-sectional
TEM samples were prepared with a Focused Ion Beam (FIB) in a
FEI Helios Nanolab system. Prior to Ga-ion etching, a protective Pt
layer was deposited with a gas injection source inside the FIB
system. PIPS plan-view and FIB cross-sectional TEM samples were
prepared from Position (Pos) 1 with the best and from Pos 3 with
the worst ferroelectric properties to analyze the microstructural dif-
ferences. The edges of the PIPS holes were more or less rolled up,
maybe due to internal stress. We performed tilting series for
selected area electron diffraction (SAED) to determine the actual
plan-view. Here, the background level was lowest and no segmented
diffraction rings appeared due to preferential growing directions.
All tilting angles in this paper are given relative to the angle of the
determined plan-view. The electron diffractograms were further
processed for deeper analysis. First, we formed rotational averages
and subtracted the background with a Python script by fitting a
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polynomial of degree 6 to manually selected background regions.
These regions in the diffraction patterns were the same for all
samples to increase comparability. SAED of plan-view samples and
analysis of cross sections were performed at a FEI Tecnai F30 G?
with 300 kV and a field emission gun. Dark field imaging was per-
formed at a Jeol JEM-2100 with 200 kV from a LaBg cathode.

Ill. RESULTS
A. Electrical characterization

Electrical analysis of the devices on the 10 x 10 mm? Si chip
showed inhomogeneities in terms of polarization and leakage cur-
rents. For a general classification, three areas were identified which
showed characteristic features in their current-voltage [I(V)] behav-
ior. Figure 2 shows a comparison of the electrical properties of
these three areas together with a local assignment on the Si chip.
Pos 1 can be defined by an observable wake-up effect, a clearly
visible polarization and displacement current after the wake-up
procedure, as well as low leakage current components.

In contrast, Pos 3 showed little to no influence from training,
as well as lower polarization and higher leakage currents. Between
these two extremes was Pos 2 which showed some influence of the
training routine and less leakage current than Pos 3. The remnant
values of Pos 2 and Pos 3 were comparable after wake-up. The
comparison of the two extreme cases, Pos 1 and Pos 3, in the pris-
tine state showed a pre-existing remnant polarization (P,) at Pos 3
of 8.4uC/ cm” while Pos 1 showed no displacement current peaks
[see Fig. 2(c)] and, therefore, no remnant ferroelectric polarization.
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FIG. 2. (a) IR temperature image of the wafer piece (dashed square), which
was lying in the RTA holder taken less than 2s after RTA at 600 °C. The
dashed square marks the 10 x 10mm? Si chip. Circles mark the positions
where PIPS TEM samples were extracted and prepared. The temperature in the
small circle was 352 °C in Pos 1, 380 °C in Pos 2, and 405°C in Pos 3. (b)
shows the remnant polarization over the cycle numbers for Pos 1, 2, and 3. The
J(E) [(c) and (e)] and P(E) [(d) and f)] characteristics are shown in the pristine
state (left side) and in the trained state (right side) after 10° cycles for Pos 2
and 3 before breakdown and after 108 cycles for Pos 1. In the pristine state,
devices from Pos 2 and 3 show a peak from the ferroelectric displacement cur-
rents in the J(E) curves in (c), while devices from Pos 1 need field cycling to
induce ferroelectric polarization. After the wake-up procedure devices from Pos
1 develop a prominent displacement current peak in (e) and a stronger polariza-
tion than devices from Pos 2 and 3.
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It should be mentioned that uncorrected polarization values, such
as recorded here, and a dynamic hysteresis measurement may be
distorted by the influence of leakage currents. There are also differ-
ences with regard to leakage current density in the pristine state of
those two positions. Devices close to Pos 1 showed a leakage
current density of 20 uA/cm” at 2'V which was lower by one order
of magnitude compared to devices close to Pos 3 with 200 uA/cm’
at the same voltage (see Fig. SI in the supplementary material).
After a wake-up of 10° cycles with 8 V peak to peak (Vpp) devices
from Pos 1 developed a P, of 13.7uC/cm’ without strong increase
of the leakage contribution. Ultimately, after 10° cycles the leakage
contribution increased before breakdown. Therefore, the last mea-
sured P, value of 27.9uC/cm’ at 4.6 x 10° cycles in Fig. 2(b) is
likely to be overestimated, as here the leakage current distorts the
determined polarization. On the other hand, devices from Pos 3 do
not show a significant increase in P, after 10° cycles before they
break down. In addition, devices in Pos 3 showed a significantly
lower yield in terms of measurability of ferroelectric behavior due
to low breakdown voltages close to the coercive field and poor
endurance of the devices in this region.

We tracked down the different ferroelectric performance depend-
ing on the position of the ferroelectric devices on the 10 x 10 mm? Si
wafer piece to the RTA process by thermal imaging. Figure 2(a) shows
a temperature image of a wafer piece immediately after the RTA
process (less than 2 s) during cooling at air. Three positions are
marked from where PIPS samples were prepared. In the small circles,
which indicate the hole from the PIPS sample, we measured a temper-
ature of 352°C in Pos 1, 380°C in Pos 2, and 405°C in Pos 3.
During RTA, the temperature difference should be even higher as the
gradient tends to equalize during cooling down. The reason for this
gradient is the slightly disaligned filament inside the projector lamp in
the homemade RTA setup.

A different defect structure or morphology due to inhomoge-
neous sputter deposition parameters depending on the position rel-
ative to the target center was reported for the same sputter
deposition chamber.”” However, this source of inhomogeneity is
unlikely since deposition was done with a 4-in. target and on the
10 x 10mm? Si substrate placed close to the center the sputter
parameters should be homogeneous.

B. Structural characterization

The cross-sectional images in Fig. 3 show a columnar TiN BE
with a width around 5nm, a 9.8 nm HfO, layer, and a TiO,N,,
interlayer between the HfO, and the TiN TE. This interlayer has a
thickness of 6 + 2nm in Pos 1 and 4 + 2nm in Pos 3. In
Fig. 3(c), the interlayer is rather thick for Pos 3, while in Fig. 6(c),
the interlayer has a thickness well below 3 nm. The TiN columnar
structure of the TE is interrupted by this interlayer, which has an
amorphous to nanocrystalline structure different from the rock salt
structure of TiN. The higher O- and lower N-content in this inter-
layer was proven by electron energy loss spectroscopy (EELS) as
shown in Fig. 3(d). Figure S9 in the supplementary material shows
additionally an EEL spectrum of the BE, which is well comparable
with the TE. These measurements were performed in STEM-mode
with a scanning window in the respective regions. STEM (EDX or
EELS) line-scans were not possible, as this interlayer is more
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FIG. 3. Cross-sectional TEM images of three devices: (a) pristine device from Pos 1, (b) trained (10° cycles with 6 Vpp), and (c) pristine device from Pos 3. The sketch
on the left side shows the device structure. (d) Background subtracted EEL spectra normalized to the Ti-Ly; edges acquired in scanning TEM (STEM) mode with a scan-
ning window on the TE (marked in blue) and the TiO,N, interlayer (marked in orange). The interlayer has the higher O-K edge and the lower N-K edge relative to Ti-Lps.

susceptible to electron beam damage and decomposes during the
measurements even with reduced dose-rates.

Phase-analysis by electron diffraction revealed in all positions,
the cubic (Fm3-m) structure of TiN with smaller lattice parameters
of 420A compared to the bulk of 424 A For HfO,, the
phase-analysis is not so straightforward as the T, O-FE, and M
phases have almost the same lattice spacings. Therefore, a detailed
discussion can be found in the respective section. In both positions,
however, the monoclinic phase can be ruled out since no {111}
reflection splitting is observed and the d-value of the most intense
diffraction ring in Fig. 4 with a d-value of 2.96 A fits well with the
{111} reflections of the O-FE phase but is very close to the {011}
reflection of the T phase. The accuracy of the SAED measurements
was confirmed with XRD [in-plane (IP) and grazing incidence
(GI)] measurements (see Fig. S4 in the supplementary material).
During these measurements, a systematic error of approximately
0.4 was evidenced in GIXRD due to refraction of the x-ray beam in
the HfO, thin film.”*® A detailed description can be found in the
supplementary material.

For texture analysis, we performed tilting series of the plan-
view samples due to the higher number of grains in the SAED
pattern compared to the cross sections. In all plan-view samples, all
reflections are homogeneously distributed on the diffraction rings
indicating rotational freedom of all grains [see Fig. 4(a)].
Furthermore, almost all reflections are present, except for the (200),
(311), and the low intensity 120 of O-FE HfO,. However, upon
tilting to 50, segmented rings proved preferential orientations of
both TiN and HfO, grains [see Figs. 4(a)-4(d)]. In the case of
HfO,, the missing (200) and (311) reflections are tilted into the dif-
fraction pattern indicating that no a-vector is oriented in-plane but
approximately 45 out-of-plane. Due to the different d-values of the
main lattice vectors (a)-(c), a serpent shape is formed in Fig. 4(d).

The SAED patterns of the cross section, aligned in zone axis
of the Si substrate to guarantee perpendicular view on the inter-
faces, are well suited to determine the texture of TiN. Figure 5(a)
shows clearly the (111) texture of TiN by an out-of-plane concen-
tration of the {111} reflections. These (111) directions of the TiN
columns are inclined by up to 10 to the film normal. For conve-
nience, we denote all (111) oriented grains deviating up to 10 as
being perpendicular to the film. A pure (111) textured TiN would

show only {220} reflections in the plan-view SAED pattern in
Figs. 4(a) and 4(b). The presence of {111} and {200} reflections
show a small amount of differently oriented grains.

For HfO,, however, the preferred orientation cannot that
easily be seen in Fig. 5(a) due to the bigger grain size. Like TiN,
HfO, shows also out-of-plane orientated {111} reflections.
However, a strong (111) texture of HfO, cannot explain the plan-
view electron diffraction pattern with high {111} intensity and
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FIG. 4. SAED pattern of a pristine region in Pos 1 at 0 in (a) and 50 tilting
angle in (c) (the contrast is increased for better visibility of the segmented
rings). The surface plots in (b) and (d) illustrate the angle dependent intensity of
the diffraction rings of TiN (blue) and HfO, (red). The respective region used for
the surface plots is marked in (c).
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FIG. 5. (a) SAED pattern of the cross section from Pos 1 showing strong {111}
texture of TiN. The TiN diffraction pattern can be explained by multiple (110)
zone axis with {111} reflections oriented out-of-plane with approximately 10 filt
relative to the film normal. The HfO, does not show such pronounced single
texture. Some {111} reflections are oriented out-of-plane and some are oriented
in-plane. The closed diffraction rings originate from the FIB-Pt with random ori-
entation. The sketch in (b) illustrates the out-of-plane directions of TiN and
HfO,. These are the viewing directions (zone axes) in the plan-view samples in
Figs. 4(a) and 4(b).

missing (200) and (311) reflections. Therefore, we performed high
resolution TEM (HRTEM) analysis of the cross sections for HfO,.
Frequently, (111) and (110) out-of-plane directions (and few
(100)) were observed [see Figs. 5(b) and 5(c) and Fig. S8 in the
supplementary material]. With these two main orientations of
HfO,, the plan-view diffraction pattern can be explained as
depicted in Fig. 4(b). (111) texture produces high {220} intensity,
while (110) grains explain the remaining diffraction rings.
Especially, the missing (200) and (311) reflections can be produced
by [110] and [101] orientations in plan-view. The (200) reflection
can be tilted into the diffraction pattern at 45 as observed in
Figs. 4(c) and 4(d). Furthermore, the observed in-plane {111}
reflections in Fig. 4(a) could arise from, e.g., a [—110] out-of-plane
orientation as being perpendicular to [111].

To correlate the microstructure with the different electric
responses, we performed SAED of plan-view PIPS samples and
HRTEM analysis of cross sections from Pos 1 and 3 (see Fig. 6).
The main difference between Pos 1 and Pos 3 is the intensity of the
HfO, {220} reflections in the SAED patterns (relative to {111}) in
Fig. 6(a). In general, the intensity of {220} serves as a fingerprint of
a (111) texture, as these planes are the main reflections in a (111)
zone axes pattern. Accordingly, Pos 3 with higher annealing tem-
perature had a stronger (111) texture in comparison to Pos 1 (see
Fig. 6). The quality of the PIPS sample from Pos 3 was much
worse. First, the sample was contaminated with KCI [see indicated
reflections in Fig. 6(a)]. Second, the analyzed film at the PIPS hole
was thicker, resulting in a higher background level and stronger
contributions by the TiN BE. To compare the diffraction pattern
from Pos 1 and 3 nevertheless, the background was subtracted by
the same routine with a polynomial of degree 6 and the intensity
was normalized to the {111} reflections of HfO,.

The grain size was analyzed via dark field (DF) imaging by
selecting diffracted intensity with the objective aperture from HfO,
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FIG. 6. (a) Plan-view rotational averages with background subtraction of SAED
patterns from Pos 1 and Pos 3 are compared at 0 tilting and without TE. The
original SAED patterns are shown in the insets. The intensity of the {220} reflec-
tions of HfO, is higher in the sample from Pos 3 in comparison to Pos 1 (rela-
tive to {111}). The marked reflections stem from a KCl contamination. (b) and
(c) show HRTEM micrographs of cross sections from Pos 1 and Pos 3. The Si
substrate was tilted in the [110] zone axis with the [001] out-of-plane to guaran-
tee plan-view on the cross sections. The out-of-plane directions are indicated for
both positions. Pos 1 showed more (110) and Pos 3 more (111) out of plane
directions. The insets show fast Fourier transformed images (FFT) of the entire
micrograph.

{111} and {220} diffraction rings as indicated in Fig. S6 in the
supplementary material. As revealed by texture analysis, HfO, has
two predominant orientations: (111) and (110). Accordingly, the
grains from {111} reflections originate mainly from (110)
out-of-plane directions and the grains from {220} originate from
both (111) and (110) out-of-plane directions. The statistics of three
to six DF images are shown in Table T for Pos 1 and 3 and exem-
plary dark field images and histograms are shown in Fig. S6 in the
supplementary material. The main difference is the mean grain size
from the {220} grains which increase their average size from 13.0 to
18.7 nm from Pos 1 to 3. The (111) oriented grains increase their
average size while the (110) grains decreased by 0.7 nm in average
which is measured from the {111} reflections. This conclusion is
supported by the higher deviation of the grain size in Pos 3
from {220} reflections since the smaller grains are also included.
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TABLE |. Statistical evaluation of DF images from Pos 1 and 3 and from {111} and
{220} reflections of HfO,. The mean grain size d was determined from the reflec-
tions indicated in the brackets. Further, the standard deviation (SD) and the standard
error (SE) are tabulated.

d{111} SD SE d{220} SD SE

(nm) (nm) (nm) (nm) (nm) (nm)
Pos 1 16.3 7.8 0.28 13.0 7.0 0.43
Pos 3 15.6 6.7 0.32 18.7 9.8 0.93

Accordingly, the grain size analysis supports the conclusions from
texture analysis that Pos 3 has a higher (111) texture and gives an
explanation with Ostwald ripening of these grains.

To understand the strong wake-up behavior of the devices
from Pos 1, we analyzed two trained devices in plan-view and from
close regions without TE. The rotational averages in Fig. 7(a)
compare a pristine HfO, region close to a trained TE of a device in
Pos 1 after 10° cycles at 6 Vpp with a triangular wave. The {002}
reflections of HfO, shift to slightly larger d-values as well do the
{113} reflections. Further, the intensity of the (110) reflections
decreases. At the same time, all TiN reflections remain largely
unchanged, despite an increased intensity which can be explained
by the additional TiN TE. This structural transformation was
observed in two trained devices in several rotational averages. An
effect from the TE (or the TiO,N, interlayer) during training can
be ruled out, as a pristine TE of Pos 1 shows no shifting of d-values
[see Fig. S7(b) in the supplementary material].

Additionally, a device trained in the same way was analyzed in
cross section. A HRTEM micrograph of one grain is shown in
Fig. 7(b). The FFT analysis of the HRTEM micrograph suggests
that the c-direction is in-plane on the left side of the grain, while
on the right side, the b-direction is in-plane oriented. Two pieces
of evidence were found in support of this thesis. First, in the left
part, (110) planes can be observed in the FFT, while in the right
part, only the (202) planes can be seen. This may be explained by
the extinction by symmetry of the (101) reflections. Further, in the
left part of the grain, the (001) lattice spacing is slightly larger com-
pared to the right part (see line-scans in Fig. 7). Both features
suggest the switching of the in-plane c-axis on the left side to the
in-plane b-axis on the right side. Concluding, we observed a minor
structural transformation after the field cycling evidenced by SAED
in plan-view and in HRTEM in cross section. A more detailed dis-
cussion with reference to all structural results and the literature can
be found below.

IV. DISCUSSION

An exclusive consideration of the polarization curves of thin
ferroelectric layers can lead to misinterpretation as it is not
simple to differentiate between switching currents and leakage
currents. Therefore, a consideration of I(V) data is given in the
supplementary material, which unambiguously shows the ferro-
electric character of this HfO, thin film. In addition, a corrected
P(V) curve with the positive-up negative-down (PUND) method
is shown in Fig. S2(a) in the supplementary material.
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FIG. 7. The processed rotational average of a SAED pattern (original data
shown on the right) in (a) compares a pristine region (black) next to a trained
device (turquoise) in Pos 1 after 10° cycles at 6 Vpp. The inset enlarges the dif-
fraction pattern of the {200} reflections of HfO, where a shift to larger d-values
can be observed (note the reciprocal scale). (b) shows a HRTEM micrograph
(center) of a HfO, grain with both b and c in-plane next to each other. The
dashed rectangles mark the regions used for the FFT analysis on the left
(white) and on the right (red). In (c), line-scans are shown through the intensity
peaks of the (002) planes (black) on the left and the (020) planes (red) on the
right in the FFTs in (b). In these line-scans, a clear difference of the lattice spac-
ings can be observed. Further, no intensity of the (101) planes is observable in
the FFT on the right. Only the (202) planes can be observed, which fits to [10-1]
zone axis of HfO, in the O-FE phase.

Stable ferroelectric switching was observed for at least 10° ¢

cycles in Fig. 2 without shifts of the peaks in the I(V) curves and a
fatigue or strong increase in the leakage currents, which can be esti-
mated by the tail at high electric fields in Figs. 2(c) and 2(e).
Therefore, we assume both electrode interfaces are stabilized
against the generation of interfacial V as discussed next. At the
interface to the BE, no oxidized interlayer could be observed in
cross-sectional HRTEM micrographs (see Fig. 6). We suspect that a
low Ti content (i.e., Ti;_,N) in the TiN stabilizes the interface
between HfO, and BE during deposition and during RTA. This
can be explained with the N-saturation of the Ti-atoms. The low Ti
content in the TiN electrodes can be correlated with the decreased
d-values of the TiN structure in comparison to stoichiometric
bulk TiN’” and to Mittmann et al, who sputtered TiN with a
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lower N,/Ar ratio (4/20 SCCM) than we did (6/18 SCCM)."’ In the
first place, an excess in N-content (e.g., as interstitials) leads to an
increase in d-value, as shown in different reports.”’ >’ However, a
Ti-deficiency can decrease the d-values in the same way as we
observed, as shown for Ti-deficient nanoparticles.”’ Thus, the
decreased lattice spacing of TiN (compared to bulk TiN and also to
Mittmann et al.'’) points toward a Ti-deficiency, which is equiva-
lent to a N/Ti ratio > 1. Different reports have shown that higher
N/Ti ratios in TiN improve the endurance of ferroelectric
HfO, """ which can be assigned to the stabilization of the inter-
faces. Nevertheless, an interaction between HfO, and BE is
expected during RTA. With the higher temperatures in Pos 3, diffu-
sion processes should be faster. This should lead to a higher Vo
concentration as the BE stronger oxidized during RTA. This higher
Vo concentration in Pos 3 is also reflected by the higher leakage
currents (see Figs. 2 and S1 in the supplementary material) which
was also reported in the literature.”"*' However, the BE stays in its
cubic TiN crystal structure and no interfacial oxidation could be
observed in cross-sectional HRTEM micrographs (see Figs. 6 and
S8 in the supplementary material, by an amorphous interface).
Accordingly, the oxygen ions may diffuse in the TiN structure, e.g.,
as interstitial or more likely along the grain boundaries.”’

In contrast to the BE, the interface to the TE is interrupted by
an additional TiON, interlayer (see Fig. 3). In Pos 1, the interlayer
is with 6 + 2nm almost as thick as the HfO, layer itself, while in
Pos 3, the interlayer has a thickness of 4 + 2nm. The TiN TE
must have oxidized during reactive sputtering of the TE since it is
already present in the pristine state to the same extent (see Fig. 3).
The only oxygen sources are the oxygen background pressure
during sputtering and the HfO, layer. The background pressure
should be the same for Pos 1 and 3. Seemingly, the different
annealing temperatures of the HfO, affect the TiN TE deposition.
Marchack et al. described a possible mechanism: reactive sputtering
can generate vacancies in the substrate by sputtering atoms away,”’
and in HfO,, preferential O-ion sputtering is expected due to their
smaller mass in comparison to Hf. These sputtered O-ions oxidize
the growing TiN TE. Such a mechanism is supported by the obser-
vation of Matveyev et al., who reported on a thicker oxidized inter-
layer between the sputtered TiN TE compared to the TiN BE
deposited with ALD after RTA with both electrodes.”’ This obser-
vation might support our conclusion that the TiN TE is oxidized
during reactive sputtering, and we hypothesize that the higher Vo
concentration in Pos 3 with the higher RTA temperature leads to
the thinner TiO;N, thickness. Thus, intentionally oxidizing the
bottom of the top electrode appears to be a strategy to stabilize the
interface to HfO,. In analogy, oxidizing the top of the BE™ or
inserting a diffusion barrier (like AL 05, HfON,” or
NH;-plasma treatments of both electrode interfaces’”) has already
been shown to be beneficial for the ferroelectric polarization of
HfO,. However, the latter approaches have the drawback that
further deposition steps are required. In conclusion, both interfaces
to the TiN electrodes are stabilized: one by an oxidized diffusion
barrier and one by Ti deficiency.

Further, we discuss the different wake-up behavior of devices
from Pos 1 and 3. The lower V concentration can explain the lower
leakage and the higher breakdown voltage in Pos 1. However, the
negligible pristine P, and the strong increase during wake-up is
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unlikely an effect from the lower V concentration. In comparison
to Pos 3, the texture analysis has shown that Pos 1 has a stronger
(110) texture without a-vector components in-plane (i.e., not [011]).
To our knowledge, there is no structural reason why the b or ¢ direc-
tion should be preferentially oriented in-plane (e.g., by local epitaxy
with TiN during nucleation) as their d-values are almost identical.
Another observation is that in the pristine state, no ferroelectric
polarization is observed in Pos 1 which leads to the conclusion of an
[110] textured HfO,. Shimizu et al. argued that an in-plane polariza-
tion minimizes the electrostatic energy’“’ what would favor the [110]
orientation over the [101] orientation. In this case, no ferroelectricity
is expected as the polar c-axis is orthogonal to the electric field.

Ex situ TEM experiments, both in plan-view and in cross
section, of devices from Pos 1 of trained electrodes after 10° cycles
at 6 Vpp have shown a small structural transformation. This is
mainly indicated by an increased d-value of the {002} reflections of
HfO,. A similar shift to larger d-values of the {002} reflection due
to the wake-up of Gd-doped HfO, was observed with micro-spot
XRD by Hoffmann et al. but was discussed as a minor effect. They
proposed the de-trapping of domain walls at oxygen vacancies
being responsible for the wake-up effect.”” Fields et al. measured as
well an increasing d-value accompanied by a reduction of the
FWHM of reflections and assigned the here reported observations
to a phase exchange from T to O-FE.°° In contrast, our results
suggest that the wake-up in our devices happens without phase
transformations as discussed next. The presence of the T phase
cannot be excluded entirely by electron diffraction but few indica-
tors hint toward the O-FE phase. First, the observed (110) reflec-
tion of the O-FE phase [see Fig. 4(a)] is forbidden by symmetry in
the T phase. However, the corresponding reflections in the T phase
({100} without c-vector components) might be diffracted by double
diffraction, which is a common phenomenon in the TEM.®”
Second, the {221} and {230} reflections (shoulders at 5.9 1/nm and
at 7.0 1/nm in the rotational averages in Fig. 6) do not exist in the
T but in the O-FE phase. Third, the electrical characterization proves
the ferroelectricity, at least below the trained TEs, where the men-
tioned shoulders do not change significantly in intensity.
Nevertheless, the coexistence of the T phase next to the verified
O-FE phase cannot be excluded by our structural analysis. However,
a look on the training data reveals no signature for the T phase. A
T-to-O-FE phase transition is suspected for (initial) AFE-like behav-
ior which is indicated by pinched hysteresis loops in Si’- and
Zr'-doped HfO, and by double peaks in I(V)-characteristics.'""

Grimley et al. and Cheng et al. observed interfacial, defect-rich T

layers and these were discussed to form nonuniform internal bias
fields at the interfaces, resulting in double peaks in the pristine I(V)
curves.”™* In our experiments, no double peaks or AFE-like behav-
ior were observed in either Pos 1 (see Fig. S3 in the supplementary
material) or Pos 3. Thus, the combination of structural analysis by
plan-view TEM and electrical characterization suggests a phase pure
orthorhombic HfO, thin film deposited by RF sputtering. This
thesis is supported by the observation by Chen et al. who prevented
such AFE behavior from the interfacial T phase in the I(V)-curves
by NH; plasma treatments of both electrode interfaces.”” In our
case, the interfaces are stabilized by Ti-deficiency of the BE and the
TiO:N, interlayer to the TE. Thus, we exclude a phase transition
during wake-up.
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We hypothesize a structural rearrangement being responsible
for the observed wake-up effect, as discussed next. For this inter-
pretation, we assume a correlation of the lattice and the atomic
structure, which may not necessarily be the case in disordered
defect distributions. Taking a deeper look on the structural trans-
formation with respect of an [110] textured HfO, reveals a rather
conclusive picture. As mentioned before, the (020)/(002) d-value
increases. The same is true for the {113} reflections. Further, the
(110) intensity decreases, while the {220} intensity is almost unaf-
fected. All these changes can be correlated by a gradual transforma-
tion of the in-plane ¢ axis to the b- or a-axis of the [110]
out-of-plane oriented grains. This would explain the decrease of
the (110) intensity, as the other {011} reflections are extinct from
symmetry, while the intensity of all {220} reflections is unaffected.
Such structural rearrangement can also explain the increasing
d-values as the longer a-axis of the FE-O structure starts to contrib-
ute to the diffraction. This transformation must not be interpreted
as a 90 rotation of the unit cell but rather as minor (electric field
driven) rearrangements of the oxygen ions in the fluorite-type
structure. These rearrangements should be facilitated by the pres-
ence of charged V in the structure which already induced struc-
tural distortions to compensate the missing negative charge.'" A
similar structural rearrangement was observed by Shimizu et al. in
an epitactic 7%-YO, 5-substituted HfO, system with mainly [010]
out-of-plane direction in the pristine state. They argued that the
pristine thin film minimizes electrostatic energy with in-plane
polarization (c-axis) and a depolarization field out-of-plane. This
in-plane c-axis switches out-of-plane during electric field cycling.
Shimizu et al. denoted this phenomenon to ferroelastic 90 domain
switching."® This ferroelastic switching was also reported by
Lederer et al. on polycrystalline HfO, based films."”~*

We hypothesize that both the a- and the b-axes can exchange
with the c-axis. In the first case, all oxygen ions in tetrahedron
centers remain on their positions and only three of the oxygen ions
on tetrahedron faces in the unit cell have to change their ligands
and move through the tetrahedron center to the tetrahedron faces
as indicated in Fig. 8(a). This scenario is likely, because in the
actual ferroelectric switching the oxygen ions move also, electric

FIG. 8. The unit cells in (a) and (c) depict orientations with in-plane polarization
while (b) shows out-of-plane polarization. Yellow arrows show the anion motion
toward tetrahedron faces while red arrows toward tetrahedron centers. These
motions are the presumed wake-up effect for devices in Pos 1. When a- and
c-axes switch (a), anions on tetrahedron faces have to exchange their ligands.
While for switching b- and c-axes (c), half of the anions exchange from tetrahe-
dron centers to faces and vice versa. This exchange has the shorter distance in
comparison to (a). For simplicity, the unit cells are oriented (100) out-of-plane
and not as observed (110) oriented.
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field driven, through the tetrahedron centers.'® However, in the
case where the c and b axes exchange, half of the oxygen ions on
tetrahedron faces move to tetrahedron centers and vice versa as
depicted in Fig. 8(c). This exchange has the shorter distances for
atomic movement in comparison to Fig. 8(a). These are, however,
very simplistic considerations, which have to be verified by compu-
tational modeling like density functional theory taking also the Vo
into account. This is out of the scope of this paper.

The cross-sectional analysis gives further hints for this inter-
pretation of the structural changes. Figure 7(b) shows the HRTEM
micrograph of one HfO, grain within which the switching of orien-
tations may have happened. This observation is made after 10°
cycles, before FIB preparation, where the maximum P, is not
reached yet which may indicate a gradual ferroelastic switching
within single grains.

The wake-up effect by ferroelastic switching of the [110] ori-
ented grains in Pos 1 is further supported by the different wake-up
behavior of devices in Pos 3. Here, the mean grain size of (110) ori-
ented grains has decreased while (111) oriented grains have
increased as determined via DF images. The Ostwald ripening of
the (111) oriented HfO, grains is supported by different reports in
the literature. (111) textured HfO, was reported after extended
RTA at 600 °C for 30s or more,”” 500°C for 30s,"* and a HfO,
thin film grown at 810 °C which in this case results in the M
phase.”’ Additionally, the surface of {111} planes of the isostruc-
tural ZrO, has the lowest energy in the cubic, tetragonal, and
monoclinic phases.ﬂ Therefore, it seems likely that for HfO,, these
surfaces are also energetically favored. In contrast to the (110),
(111) orientated grains cannot minimize electrostatic energy with
in-plane polarization, as the c-direction always points out-of-plane
with an angle of 55.2°.”° This can explain the ferroelectric polariza-
tion in the first cycle. Why this P, value remains stable during field
cycling until breakdown, we can only speculate because (110)
grains are still present inside this HfO, thin film which should
increase the P, with field cycling. We suspect that the ferroelastic
domain switching is prevented by the higher Vo concentration
which might pin the in-plane domains or that the electric field is
too low for the ion motion as the lower breakdown voltage limits
the applyable voltage.

V. CONCLUSION

A temperature gradient in an RTA setup was applied to corre-

late the ferroelectric performance on a 10 x 10mm? chip with

sputtered TiN/HfO,/TiN capacitors across the substrate. During
RTA, the TiN BE scavenges oxygen from the HfO, and produces
different concentrations of V. Depending on the temperature, the
concentration of Vo increases macroscopically the leakage current
by one order of magnitude in the hot region. While devices with a
lower RTA, temperature produced a lower Vy concentration.
During reactive sputtering of the TiN top electrode, a 6 + 2nm
thick TiO,N, interlayer is formed, which appears less pronounced
in the hot corner with higher Vo concentrations. No oxidized
interlayer is observed at the back electrode, which is likely due to
the presence of TiN with Ti-deficiency and with very fine columnar
grains which can uptake oxygen ions along grain boundaries
without forming an oxide interface. Therefore, we conclude that
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both interfaces of HfO, to the electrodes are stabilized in terms of
generating interfacial Vo during field cycling. This results in a
stable leakage current during field cycling and during wake-up, no
signatures of an interfacial tetragonal phase of HfO, [pinched hys-
teresis or double peaks in pristine I(V) curves] were observed. The
ferroelectric capacitors also show distinct wake-up behaviors
depending on the RTA temperature. Devices from the corner with
higher temperature exhibit wake-up free ferroelectricity with a P,
below 104C/cm’® (without leakage compensation), while the cold
corner shows a strong wake-up from no polarization in the pristine
state to an uncorrected P, of up to 26 uC/cm”. Conventional struc-
tural analysis by plan-view and cross-sectional TEM in correlation
with the electrical characterization revealed a dominantly ortho-
rhombic HfO, thin film. In the cold corner, ex situ experiments
after 10° cycles revealed a gradual ferroelastic 90 domain switching
of [110] oriented grains with in-plane polarization, which convinc-
ingly explains the evolution of the remnant polarization from 0 to
up to 26 uC/cm’. In the hot corner, (111) oriented grains without
the possibility of in-plane polarization become dominant. These
occur due to Ostwald ripening and explain why the hot corner
shows forming free ferroelectric polarization. Our findings under-
line the importance of temperature treatment, which affects the
interfaces as well as the microstructural evolution of HfO,. Both
have a strong impact on the ferroelectric behavior, especially on the
wake-up effect. For device integration, the wake-up-free devices
from Pos 3 are more promising due to their constant ferroelectric
properties. We believe the lower endurance and lower breakdown
voltage may be healed by a small admixture of oxygen during HfO,
sputtering as proposed by Mittmann et al.'’ or during RTA as pro-
posed by Lee et al.”’

SUPPLEMENTARY MATERIAL

See the supplementary material for a more detailed descrip-
tion of the deposition parameters, electrical, as well as structural
characterization.
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II.1 Summary

The following manuscript presents results on the correlation between the
structural and superconducting properties of thin films deposited by
DC-magnetron sputtering and the plasma parameters. [NbN] is known for
its high transition temperature and superconducting energy gap. These at-
tractive properties open a plethora of superconductive applications, such as
bolometers, single-photon detectors, SIS (Superconducting-Insulator-Super-
conductor) tunnel junctions, SQUIDs (Superconducting QUantum Interfer-
ence Devices), RF-cavities as well as non-superconducting applications e.g.
tribological engineering. Moreover, DC-magnetron sputtering is a widely
used deposition technique due to its many advantages in terms of deposition
rate, scalability, and film density. However, the DC magnetron sputtering of
thin films is not yet fully understood.

Indeed, superconducting properties of are strongly dependent on
film properties such as crystallinity, grain size, and defect density, which in
turn depend on the plasma environment prevailing during deposition. Thus,
a comprehensive understanding of the evolution of the DC sputtering plasma
parameters under different deposition conditions would provide the possibil-
ity of optimizing superconducting thin films. To extract these relevant
plasma parameters, we exploit two different diagnostics, i.e. a[LP]and [PTDL
This permits us to obtain crucial information regarding energy flux, electron
temperature, ion current density, plasma and floating potential, which pro-
vide insight into the quantity and energy distribution of both the deposited
neutral atoms and the ionized particles. Furthermore, we investigate the thin
film structure by grazing incidence KRD| x-ray reflectometry, and atomic
force microscopy, correlated with resistance measurements via temperature
variation. We experimentally study the impact of the plasma parameters on
the layer properties while varying process pressure, target-substrate distance,
and sputtering power. Our results reveal that increasing process pressure in-
duces a higher density of charged particles with lower mobility, which in turn
results in a strong degradation of the structural layer and superconducting
properties via grain size reduction.

Our findings show that by exploiting comprehensive plasma characteri-
zation, a deeper understanding of the deposition process of superconductive
can be reached. This will allow us to tune the films structural and
therefore superconductive properties for the wide variety of applications of
this material.
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ARTICLE INFO ABSTRACT

Keywords: Superconducting thin films of NbN on SiO, are prepared at ambient temperature by direct current magnetron
Nif’bi‘fm nitride sputtering with varying external deposition parameters, i.e. pressure, target-substrate distance, and power. In-
Thin films ternal deposition parameters such as the plasma properties are determined with both a Langmuir probe and a
Superconductor

calorimetric probe providing insight regarding the energy flux, the electron temperature, the plasma potential,
and the ion current density of the plasma. Grazing incident x-ray diffraction and atomic force microcopy mea-
surements reveal that the thin films have cubic polycrystalline structures with grain sizes of up to 51 A, which
define the superconducting behavior. Structural and electrical properties are related to the plasma parameters,
showing a high correlation between the ion current density and the superconducting properties of the films. The
results attest to the potential of plasma characterization as a powerful tool to optimize the deposition of thin NbN

Langmuir probe

Passive thermal probe

Atomic force microscopy

Grazing incidence X-ray diffraction

films and to predict their film properties.

1. Introduction

Niobium nitride (NbN) is a refractory Bardeen-Cooper-Schrieffer-
type superconductor compound, exhibiting a large transition tempera-
ture and superconducting energy gap. In its thin film form, NbN is
exploited in numerous applications, such as bolometers, single-photon
detectors, superconductor-insulator-superconductor tunnel junctions
for millimeter wave detectors, superconducting Quantum interference
devices, radio frequency (RF) cavities [1-6] as well as
non-superconductive applications, e.g. in tribological engineering [7].
NbN is commonly deposited by direct current (DC-) or RF-magnetron
sputtering in an Ar/N2(85%/15%) atmosphere and reaches a transi-
tion temperature of up to 14.2 K when deposited in ambient temperature
on a structurally suitable substrate [8,9]. In previous studies, a relation
between the deposition rate, pressure and nitrogen partial pressure and
the transition temperature as well as the hardness, the stoichiometry and
density of NbN could already be established [10]. In addition, the film
thickness influences the orientation and structure of the NbN layer and,
therefore, also its superconducting properties [11,12]. Although exten-
sive information and studies on the influence of the deposition condi-
tions on the layer properties of NbN have already been reported, the

* Correspondence author.

present work focuses on plasma engineered thin NbN films. By exploring
the relation between plasma parameters and film properties, a high
degree of flexibility in the production of NbN thin films can be achieved.
To extract relevant plasma properties during sputtering, two different
diagnostics are exploited, i.e. a Langmuir probe (LP) and a passive
thermal probe (PTP). While the former offers the opportunity to monitor
the electron temperature, the plasma potential and the ion current
density of the plasma, the latter measures the energy flux density from
plasma to the wafer surface [13]. We show that the structural and
electrical properties of the deposited NbN thin films are clearly related
to the plasma parameters. In more general terms, the work presented
here demonstrates that the tool box offered by plasma diagnostic is a
powerful approach to optimize thin films towards particular
applications.

2. Material and methods
2.1. Sputtering conditions and thin film diagnostics

All NbN films were deposited on a silicon substrate using a home-
made DC magnetron sputtering system. In this system, a high vacuum
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was obtained using a mechanical pump (Vacuubrand, MD 4 NT) in
combination with a turbo-molecular pump (Leybold, Turbovac 350i).
The pressure was precisely controlled by adjusting the angle of the
throttle valve of the turbo-molecular pump. A custom-designed sub-
strate holder, able to accommodate a square substrate with a size of 10
x 10 mm?, was used for sample fabrication. Its configuration is illus-
trated in Fig. 1.

DC magnetron sputtering from a NbN-target (NbN, 99.99%) in a pure
Ar atmosphere was employed for the deposition of the NbN layers. The
NbN thin films were deposited at room temperature onto square Si-
substrates (10 x 10 mm?) coated with a 400 nm thick thermal Si0,.
The base pressure was below 3 e 10~° Pa. Gas pressure, discharge power,
and target-substrate distance were varied for the deposition processes of
the sample, whereas the thickness of the deposited films was always kept
constant at 50 nm. The variation of the mentioned process parameters
can be found in Table 1.

Perfect conductivity is the first particular hallmark of superconduc-
tivity and a prerequisite for a large number of applications of super-
conductors such as high-current transmission lines or high-field magnets
[14]. The phenomenon of perfect conductivity can be detected after a
phase transition at a critical temperature T¢. The determination of the
critical temperature is, therefore, an important method for character-
izing a superconductor. To measure the critical temperature, the NbN
films were lowered in liquid helium while their resistance was moni-
tored. To ensure electrical contact, 0.25 mm radius circular Au top
electrodes were deposited by DC magnetron sputtering with a stencil
mask. The substrate was then attached with silver paste to the solid
sample head of the deep temperature probe, which consisted of Copper
(Cu). Wire bonding was used to contact the four Au pads with the
measuring devices, and contact and lead resistance were eliminated by
four-point sensing [15]. To determine the exact temperature of the
phase transition during the resistance versus temperature (R-T) mea-
surement, the cryogenic temperature sensor was placed at the same
position as the sample, on the backside of the Cu-block.

Since both crystallinity and grain size affect the critical temperature
and the critical current density of superconductors [16], a structural
analysis of the NbN layers was also conducted. For this purpose grazing
incidence x-ray deflection (GIXRD), established in thin-film technology
[17,18], was used to examine the important structural properties. The
film thickness was analyzed by x-ray reflection (XRR). For both thin film
analyses a Rigaku SmartLab 9 kW diffractometer at a wavelength of 1 =
1.5418 A was used. For the GIXRD measurements a 9 kW copper X-ray

Cathode

Fig. 1. Homemade sputtering system with 10 mm substrate holder and 2-
inch target.
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Table 1
Experimental deposition parameters.

Pressure variation @ Distance variation @ Power variation @

37 mm, 50W 0.5Pa, 50 W 0. 5 Pa, 37 mm
0.5 Pa 10 mm 20wW

1 Pa 15 mm 30W

1.5Pa 20 mm 40 W

2Pa 25 mm 50 W

2.5Pa 30 mm 60 W

3 Pa 35 mm 70 W

3.5Pa 40 mm 80 W

4.5 Pa 90 W

5 Pa 100 W

source was used in a monochromatic parallel beam configuration
focused with a length-limiting slit of 5 mm along the longitudinal axis. A
typical GIXRD spectrum of polycrystalline Fm-3 m NbN is shown in
Fig. 2. Topographic analyzes of the samples were made possible by
atomic force microscopy (AFM). The AFM’s ability to characterize
nanoscale objects makes it a perfect tool to determine particle sizes and
surface roughness. Hence, the sample surface was scanned using a Si
AFM tip, attached to a cantilever. The tip was either repelled or attracted
due to the atomic forces that occur when interacting with the sample
surface. The bending caused by the atomic forces can be detected with
the aid of a laser reflected onto the back of the cantilever and towards a
photodetector. All AFM measurements were carried out on a SmartSPM
1000 from AIST-NT in a non-contact alternating current mode.

2.2. Measurement of plasma parameters

The plasma diagnostic was performed for the same deposition pa-
rameters, i.e. power, gas pressure, and probe-to-target distance, as the
ones used for the NbN film deposition. Each process parameter was
varied one at a time while keeping the others constant.

The PTP and LP measurements were carried out axially from the
target. For the pressure and power variation the PTP was inserted
vertically into the deposition chamber, while for the remaining mea-
surements, the PTP and LP were inserted perpendicularly beneath the
target, as shown for the LP in Fig. 3b. In both cases, the top of the probe
pointed towards the target, yet, the different arrangement of the probe
holder results in a different geometry, which in turn influences the en-
ergy flux of the plasma. The different installation of the PTP probe for
power and pressure measurements in contrast to the distance mea-
surement is due to the heating of the shutter by the plasma. Since the

2et040 4 INbN (200) ]

g let04 ! NbN (220) .
E a | .

5 5e+03" I (A
A ! : !

0c+007 | | A ey

INBN (111) NbN (222)

30 35 40 45 50 55 60 65 70 75 80

20 (%)

Fig. 2. Deflection spectrum with a grazing incidence angle (GIXRD) of NbN
thin film with the following deposition parameters: p = 0.5 Pa, P =50 W, d =
37 mm (black). The blue straight lines show the theoretical reflection peaks for
Fm-3 m NbN. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).
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Target

—

Shutter
< ' PTP for power and

pressure variation

PTP for distance variation

Fig. 3. (a) PTP design (used with permission of S. Gauter, F. Haase, and H. Kersten, Thin Solid Films 669, 8 (2019)). (b) Schematic drawing of the experimental
setups of the PTP measurements for different process parameter variations. The PTP is positioned at 37, 67 and 97 mm from the NbN target for the distance variation.
For the LP measurements, the experimental setup is analogous the PTP setup for the distance variation.

heat radiation of the shutter would affect the measurements, the probe
was rotated 180° for power and pressure measurements, so that it was
averted from the target during the cooling phase. This allowed the
plasma to burn permanently during the measurement series. Due to the
vertical installation of the probe, it was not possible to perform a 180°
turn for cooling for the distance variation. Therefore, the plasma had to
be switched off for the cooling phase. The PTP was oriented facing to-
wards the cathode target for 20 s, while the plasma was switched off for
120 s, repeating this procedure for each varied process parameter (see
Table 1). The LP measurements regarding the effect of power and
pressure variation were repeated for probe-to-target distances of 37 mm,
67 mm and 97 mm. Since the magnetic field of the sputter-magnetron
influences the LP measurements [13] for small distances (e.g. 37 mm),
the influence of the magnetic field on the electrons was considered. For
larger distances of 67 mm and 97 mm the magnetic field was expected to
be weak and to have a much lower effect on the resulting plasma
parameters.

2.2.1. Passive thermal probe

An effective diagnostic tool to record the energy flux towards a
surface in a process plasma is the passive thermal probe (PTP). Its design
is based on Thornton’s idea of 1978 [19] and was recently improved
[20]. The probe consisted of a copper plate with a diameter of 11 mm
and a thickness of 100 um (cf. Fig. 3a). On the back, a type K thermo-
couple (40 uV/K) and a copper bias wire are spot-welded. The probe is
shielded by a housing made of stainless steel, so only the energy flux
from the half-space above the substrate (probe) is detected. The wires
are placed inside a ceramic tube, which is further installed inside a base
cylinder. The cylinder is mounted on a vacuum feed-through, so the
probe can be inserted into the process chamber by a vacuum flange.

When exposed to the plasma during the sputtering process, the PTP
measures a temperature increase resulting from the incoming power
towards it. This phase is known as the heating phase. It is mainly
dominated by charged and neutral particles reaching the probe, surface
processes like film formation, electron-ion recombination or chemical
reactions as well as line radiation from the plasma and heat radiation
from the target or the chamber walls. Inversely, the probe’s temperature
decreases when the power to the cathode target is turned off. This
temperature course is characterized by the power leaving the probe and

is referred to as the cooling phase. The power loss contributions result
mainly from heat conduction, convection, and radiation of the probe’s
surface. To obtain the energy flux during these phases, the overall
change in the enthalpy H has to be considered [21]:

Heating : Hy = Cs = Py — Py ™

Cooling : He = Cs: = —Pou, &)

where Pj, is the input power from the plasma source, while Py, and
Poutc are the power losses and T, and T, the time derivatives of the
temperature during the heating and cooling phase, respectively. The
heat capacity Cg of the PTP is determined beforehand by calibration of
the probe in an electron beam, as described in [22].

Only short time periods are investigated around the heating and
cooling kinks when the plasma source is switched on and off. Thus, it can
be assumed that the outgoing power remains the same during both
phases such as Pyy;n(Ts) = Pous,c(Ts). The equations above can be com-
bined, and the incoming power to the probe is obtained as follows:

P, =H,—H.=Cs(T,—T.) 3

Based on the probe surface Ag, the incoming energy flux density is
calculated:
Pi Cs .

= — (Th—T.) 4

Jin =
Ag As

The evaluation method chosen for the measured temperature curves
is the kink-method [20], where linear fits are used around the heating
kink and cooling kink as demonstrated in Fig. 4a. By subtracting the
slopes of the two linear fits, the term T - T, is obtained. Further pa-
rameters like heat capacity Cg and probe surface Ag in Eq. (6) are already
known due to calibration and probe manufacturing, respectively. As a
result, the energy flux can be easily determined. A detailed description
of this evaluation method is given in the literature [20].

2.2.2. Langmuir probe

The Langmuir probe is a widespread and established plasma diag-
nostic method, which goes back almost a hundred years [13,23]. Its
simplicity and easy fabrication allow for a wide range of applications in
different plasma environments [24-26]. By bringing an additional
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Fig. 4. (a) Example of a PTP measurement for position 37 mm, 50 W magnetron power and 0.5 Pa Ar gas pressure. The heating and cooling kink along with the linear
fits are marked in red and blue, respectively. (b) Typical I-V characteristic measured by the LP at 97 mm probe-to target distance, a magnetron power of 50 W and gas
pressure of 0.5 Pa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

electrode into the plasma and applying a voltage sweep, a typical
current-voltage (I-V) characteristic can be obtained. The probe can have
different geometries, cylindrical, planar or spherical. In this work, a 2.7
mm long cylindrical tungsten wire of 100 ym diameter is used. The I-V
characteristic can be employed to determine a variety of plasma pa-
rameters, such as the floating potential ¢, the plasma potential ¢y, the
electron temperature T,, and the current density of the positive ions jip.

A typical I-V characteristic is presented in Fig. 4b. Starting at a high
negative voltage, the plasma electrons are repelled and only positive
ions can reach the probe. The resulting current is the ion saturation
current.

When increasing the probe voltage, more electrons can reach the LP
and the floating potential ¢g, which is defined as the zero-crossing point
of the I-V curve, is reached. Here, the electron current and the ion cur-
rent flowing towards the probe are equal, resulting in a zero-net current
at the probe. Further increase of the voltage increases the electron
current towards the probe, which leads to an exponential rise in the
electron current due to the Boltzmannfactor. The turning point of this
exponential rise marks the plasma potential, after which the electron
current saturates. The plasma potential ¢p; can be obtained from the
maximum of the first derivative of the I-V curve. The energy of the
impinging positive ions in the plasma is largely defined by the plasma
potential and is therefore, an important parameter in this study.

Looking at a semi-logarithmic plot of the I-V curve, the electron
temperature T, can be extracted from the slope of exponentially rising
current. By combining T, with the Bohm sheath criterion, the ion current
density jion can be obtained [27].

3. Results and discussion

To better understand the interplay between the superconducting
properties of NbN layers and the plasma parameters during deposition,
electrical and structural information of the layers as well as plasma data
were collected. In order to analyze the critical temperatures of the
samples, a four-point measurement was carried out with a fixed current
of 10 uA on the outer electrodes, as the RT-probe head (Fig. 5a) was
lowered into liquid helium. The superconducting properties of the
samples were compared using two parameters that were derived from
the RT measurements: the superconducting critical temperature (T,
taken from the middle point of the resistive transition) and the residual
resistivity ratio RRR (ratio of the film resistivity at 300 K to that at 20 K:
RRR = p(300 K)/p(20 K)) [28].

3.1. Film and plasma properties versus sputtering pressure
Normalized resistance versus temperature dependence of NbN films

(50 nm thick) de- posited at four different process pressures are shown in
Fig. 5b. The resistance versus temperature measurements were

a)

R (arb. units)

4 6 8 10 12 14 16

T (K)
Fig. 5. (a) Schematic illustration of the sample fixed with conductive silver
paste on a copper block. (b) RT-measurements for a variation in the deposition
pressure for constant distance of 37 mm and deposition power of 50 W. Inset:
Calculated T, (black) and RRR (red) for the measured RT-curves. (For inter-

pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

performed three times for each sample. For clarity, only one measure-
ment per pressure variation was shown. The deviations can be seen in
the error bars of T¢ in the inset. The inset presents the parameters for T¢
and RRR derived from the RT measurements. Samples that were
deposited at a process pressure higher than 2 Pa showed no



R. Marquardt et al.

superconducting properties and are therefore, not shown in Fig. 5b. A
slight increase in the critical temperature is obtained when increasing
the pressure from 0.5 Pa to 1 Pa. If the pressure rises further, a sharp
drop in T¢ and RRR occurs, down to a T¢ of 5 K for a 2 Pa process
pressure. Previous studies by Iosad et al. [29,30] observed similar re-
lationships between deposition pressure and T¢ of superconducting
materials. Also, an optimal pressure (~1 Pa) for superconducting ma-
terial deposition is found in our study, depending on the distance be-
tween the substrate and the target. A similar observation for structure
and transition temperature between 0.47 Pa and 1.33 Pa was made by
Bacon et al. [9]. At this optimum a transition from degrading factors is
expected, which is related to destructive bombardment by fast neutrals
at low pressure to highly thermalized conditions at high pressure [31].
With a transition temperature of 9.6 K, the optimal result obtained in
this work is below the optimal values reported in other recent studies
[12], which report up to 14.5 K for ambient temperature deposition.
This can be due to two main factors: First, thin films of 50 nm are
deposited in this work, which affects the structure and transition tem-
perature. Second, the substrate used is not matched to the crystal lattice
of NbN.

An investigation of the RRR for the different process pressures also
shows that the conduction process changes from “metallic” (RRR > 1) to
“thermally activated” (RRR < 1) for pressures around 1 Pa due to a much
stronger grain boundary contribution as the grain size decreases [32].
The influence of the grain boundaries can be explained through a model
with superconducting grains in a non-superconducting matrix. Here, the
coherence length

Tc
Te — T

E(T) = 074 &, 5)

is defined for two different conditions, ¢ < d and ¢ > d, where d is the
diameter of the superconducting grain [33]. Since the superconducting
properties are given more weight locally for the case £ > d, they can be
limited to the influence of the grains.

It should be noted here that both Tc and RRR show the same
dependence on pressure. Such a correlation between RRR and Tc can be
explained using a phenomenological approach of the above expounded
model of superconducting grains in a non-superconductive matrix from
Deutscher et al. [34]. In this approach the phase transition at the tem-
perature T¢ is defined as

11 0.1N(Eg)
T T + .6 6)

For this model a weakening of the coupling Cij between the grains
would lead to T¢ < T¢p and to an increased importance of the hopping
conductance between the grains [33], which leads to a reduction in the
total conductivity of the film. Therefore, T¢ and RRR show the same
functional relationship with respect to the grain size. For systems where
the coherence length & is largely dependent on the grain size, Gurvitch
et al. [35] suggested a method of calculating grain sizes by making an
estimate of the mean free path [,

1:1]f‘T (7)

where ¢ is the average Fermi velocity and 7 is the relaxation time. The
latter can be expressed as a function of the electron phonon coupling
constant A of NbN according to:

gzznk,jm ®

Taking into consideration the study by Chockalingam et al. [36] the
Fermi velocity vy for our films can be estimated to 1.44 ¢ 10° m/s and the
electron phonon coupling 4 = 1.13, resulting in 1 (300 K) = 51 A. Taking
RRR =1 for 1 Pawe find [ (10 K) =1 (300 K)  RRR = 51 A and 37.7 A for
a pressure of 0.5 Pa.

The GIXRD method offers a more global analysis of the structural
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features relevant to the superconducting properties, namely grain size,
crystal structure, and crystallinity. Therefore, GIXRD scans are per-
formed with an incidence angle omega of 0.5° from a 2theta in the 20° to
80° range.

The GIXRD patterns of all investigated NbN films show a face
centered cubic phase for the deposited NbN (COD 1538667 [37] was
used for fitting of the GIXRD patterns). For increasing sputtering pres-
sure, a reduction in crystallinity can be observed (Fig. 6). The grain size
of the films is determined by the Halder-Wagner [38] method used on
the five reflections of the orientations within the scanning range (Figs. 2
and 6). A maximal grain size is achieved at a sputtering pressure of 1 Pa
in agreement with the findings from the R-T measurements described
above. The offset in the calculated values between GIXRD and R-T
measurements suggests that there is an inhomogeneous distribution of
grain sizes in the film. While a global recording of the film is made with a
GIXRD analysis, the RT measurement collects the data exclusively from
the local current path. Smaller grains which do not contribute to the
current transport are, thus, recorded in the statistical averaging of the
X-ray data, but remain insignificant in the R-T analysis. A relationship
between the transition temperature and the layer thickness is often
observed [39] and indicates an increase of the average total grain size
with increasing film thickness.

An analysis of the orientation of the cubic structure also shows that
we can find a preferential orientation in the (111) direction for a pres-
sure of 1 Pa (gray line, Fig. 6). The ratio between the intensities of the
(111) and (200) orientations changes from 1.3 for a process pressure of
0.5 Pa to 2.2 for a pressure of 1 Pa.

The observed variations in crystallization, grain size, and structuring
orientation, together with collected data on surface roughness, allow a
classification in Thornton’s structure zone diagram (SZD) [40,41]. Due
to the high roughness (Fig. 7a) in combination with low crystallization
and small grain sizes for high process pressures, it can be concluded that
the film displays a porous structure consisting of tapered crystallites
separated by pits, as described in zone 1 of the SZD. With decreasing
process pressure, a transition into the T-zone can be identified on the
basis of decreasing roughness (Fig. 7b), increasing crystallization, and
grain sizes. Adatom diffusion processes might occur, but their mobility
and, thus, grain boundary migration is limited. The higher structure of
the film at a process pressure of 1 Pa also indicates a transition into zone
2 of the SZD, in which the growth of columnar grains is described. Here,
the adatom mobility is still high and the surface is smooth. Overall, it can
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Fig. 6. GIXRD curves for deposition pressures in a 0.5 Pa to 5 Pa range for
constant distance of 37 mm and deposition power of 50 W. Inset: Crystallinity
(black) and grain size (red) extracted from the GIXRD. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.).
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be stated that, as expected according to Thornton et al. [41,42],
increasing process pressure has a negative influence on the crystallinity
and grain size of the layer.

Similar topography images for NbN films deposited by DC magne-
tron sputtering have been reported by other working groups, enabling
an easier categorization into Thornton’s SZD [42]. In addition, the grain
size can be extracted from AFM topography measurements. Here, the
grain size is determined using Otsu’s method [43], which separates the
pixels composing an image into two populations (noise and signal, or in
this case grains and grain boundaries) using a mathematical method that
minimizes the intra-class variance. The evolution of the grain size as a
function of pressure, target-sample distance and sputtering power in
shown in Fig. 7c—e. As the deposition pressure increases from 0.5 Pa to
2.5 Pa, the grains become larger, with values of 4.8 + 0.2 nm and 14.9 +
0.5 nm, respectively (Fig. 7c). When the pressure is further increased the
grain size appears unchanged. As the target-substrate distance increases
from 10 mm to 40 mm, the grain size remains constant with an average
value of 4.94+0.07 nm (Fig. 7d). Similarly, the grain size does not show
any significant changes as the power increases from 20 W to 100 W, with
an average grain size of 4.87+0.09 nm (Fig. 7e). The increase in grain
size with increasing process pressure contrasts with the observations of
the XRD and current analysis (Fig. 7d). This can be explained by the

different methodology of the analysis methods. XRD depends on the size
of the defect-free volume, while AFM determines the size of particles
independently of defects, which can consist of several grains. For the
influence of the distance (Fig. 7d) and process power (Fig. 7e), the same
trends are obtained as with the other analysis methods.

In summary, it can be stated that the morphological properties show
a strong dependence on the gas pressure, which affects the kinetic en-
ergies of impinging particles especially gas ions and sputtered neutrals.
Therefore, the energy influx as well as the NbN deposition rate have
been determined for the related pressure variation (Fig. 8).

The results for the energy influx show only a small variation, as seen
in Fig. 7.

Beside the weak maximum of about 90 mW/cm? at 0.5 Pa, the energy
flux remains almost constant during the pressure variation. This is due to
a balance between the kinetic energies of sputtered and reflected par-
ticles, and their interaction with particles of the background gas:

When increasing the gas pressure, the collision rate between the
neutral background gas particles and kinetic particles (e.g. sputtered and
reflected particles) increases as well. Thus, the mean free path of the
particles from the target and the ions decreases. This leads to energetic
losses, resulting in lower energy fluxes of sputtered and reflected par-
ticles [44]. However, the total flux of kinetic particles is still high,
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leading to an overall constant total energy flux in the pressure range
investigated here.

Vice versa, the deposition rate first increases with increasing pres-
sure, since a higher ionization rate and, thus, a higher number of sput-
tered particles is provided. For pressures between 3 Pa and 4.5 Pa the
deposition rate increases just slowly. At higher pressures, the deposition
rate decreases due to a decrease in the mean free path. The sputtered
neutrals are no longer able to reach the substrate at the same rate as
before, and the film thickness and, hence, the deposition rate are
reduced [45].

Since the total energy flux showed a relatively constant behavior, it is
important to understand the several energetic contributions to the in-
tegral energy flux and their correlation to specific film properties.
Therefore, plasma parameters are measured by the LP at distances of 37
mm, 67 mm, and 97 mm while varying the pressure, as presented in
Fig. 9.

Fig. 9a shows the electron temperature during pressure variation.
The increasing gas pressure leads to a higher collision rate between the
electrons and the gas particles. As a result, their mean thermal energy
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Fig. 9. Plasma parameters as a function of process pressure - the mean values
and the standard deviations obtained from the three measurement points for
each condition are depicted (squares with error bars). The solid and dashed
lines are added as a guide to the eye for the mean values (37, 67 and 97 mm
target to probe distance, respectively). (a) electron temperature, (b) floating
potential of probe, (c) plasma potential, and (d) current density of positive ions.
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and temperature is reduced, which is confirmed by the electron tem-
perature T,. This trend is reflected in further experimental work [46].

The floating potential g shows the same behavior for all probe-to-
target distances (Fig. 9b). Yet, for a distance of 37 mm (black curve),
its values are more negative than for larger distances. This can be
attributed to a stronger magnetic field closer to the magnetron, resulting
in a larger amount of electrons being trapped in the plasma torus in front
of the target cathode. Similar results on the enormous influence of the
magnetron on film properties have already been shown by Zahari et al.
[47].

Furthermore, @ becomes less negative with increasing pressure for
all three probe-to-target distances. This behavior can qualitatively be
compared to the ion current density jj,, in Fig. 8d. Since the ion density
increases with increasing gas pressure it is possible for more positive
ions to reach the probe (substrate) surface due to its negative bias
voltage.

The plasma potential ¢y in Fig. 9c shows a much less pronounced
behavior and almost no dependence of the gas pressure. For a probe-to-
substrate distance of 37 mm, a change between 0.5 Pa and 1.5 Pa is
noticeable, but the values are still within the error margins. Thus, the
plasma potential ¢y can be correlated to the electron temperature T,
according to the Boltzmann relation [48]. Through the electron tem-
perature, valuable information regarding the kinetic energy of particles
is provided.

With increasing gas pressure, higher ion and electron densities are
expected due to higher collision rates with the gas atoms. Therefore, an
increasing ion current density is obtained, as seen in Fig. 9d. In sum-
mary, increasing pressure in the range studied results in more electrons
and ions being present in the plasma but with reduced kinetic energies.

Plasma properties like the electron temperature T, and the ion cur-
rent density ji,, are further correlated to morphological and electrical
film properties. The crystallinity and grain size shown in Fig. 6 decrease
with increasing gas pressure, similarly to the T, curve. As stated earlier,
the number of charged particles in a plasma increases with increasing
gas pressure, which is confirmed by the ji,, trend. Yet, their kinetic
energies and temperatures are reduced due to the decreased mean free
path. The sputtered particles undergo an increased collision rate as well,
leading to lower kinetic energies and, consequently, to a lower adatom
mobility. A limited boundary migration is expected, which results in
smaller grain sizes and a lower crystallization rate. For small process
pressures, bombardment by fast neutrals becomes the significant
destructive process limiting the deposition of high quality NbN thin
films.

Since these crystallographic features have an influence on the elec-
trical film properties (e.g. critical temperature), it is possible to correlate
them to plasma properties [28,49]. For instance, the critical temperature
T, decreases with increasing gas pressures resembling the behavior for
the grain size and electron temperature T,. Grain size is therefore, an
indicator for the critical temperature (Fig. 5b).

3.2. Film and plasma properties versus target substrate distance

The influence of the target-substrate distance on the superconducting
properties is shown in Fig. 10. An increase in the distance leads to an
increase in the critical temperature, as depicted in the inset of Fig. 10,
while RRR displays no dependence on a change in the distance. Com-
parable observations were also reported by Iosad et al. [30], where a
modulation of the mean free path was achieved by adjusting the process
pressure, resulting in transition temperatures > 14 K for both an 80 mm
and a 40 mm separation. In contrast to the observations of the effect of
varying gas pressure, RRR does not appear to have any direct influence
on T, in this case. Although a semiconductor-like type is demonstrated
for the conduction flow, the RRR of all NbN samples is below 1 for all
target-substrate distances, indicating that the previous assumption of
superconducting grains in a non-superconducting matrix as limiting
factor is no longer valid. In the case of a distance variation, the electrical
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Fig. 10. RT-measurements for a variation in the distance (10 mm - 40 mm)
between substrate and target with a constant pressure of 0.5 Pa and power 50
W. Inset: Calculated T, (black) and RRR (red) for the measured RT-curves. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

resistance does not seem to be largely determined by the size of the
grains. This absence of correlation between Tc and RRR could be due to
an increased bombardment at shorter distances. Due to the mean free
path of 33 mm between the neutrals in the gas phase at a pressure of 0.5
Pa, this effect would be stronger at smaller distances and lead to defects
formation [50].

An increase in crystallinity can be seen as the target-substrate dis-
tance rises (Fig. 11). For distances 30 mm < d <40 mm, a saturation
appears in the crystallinity. Although growth of larger grains can be
detected with increasing distance, this growth seems to have a different
dependence on the distance than the crystallinity. The increase in the
general crystallinity in the films also indicates a reduction in the defect
density.

Furthermore, the energy flux measured by the PTP can be compared
to the deposition rate during distance variation (Fig. 12). Due to the
different arrangement of the probe holder and the resulting anode ge-
ometry (Chapter 2.2), only a qualitative comparison can be made be-
tween the PTP measurements of the distance variation and the
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Fig. 11. GIXRD for a substrate-target distance between 10 mm and 40 mm for
constant pressure of 0.5 Pa and deposition power of 50 W. Inset: Crystallinity
(black) and Grain size (red) extracted from the GIXRD. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Fig. 12. Energy flux obtained from passive thermal probe (PTP) measurements
as a function of the distance d between target and substrate(black). The mean
values and the standard deviations are obtained from the two measurements for
each distance. The black dashed line shows a fit of the mean values. The
deposition rate for sputtered NbN thin films is determined by XRR (red). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

measurements of the pressure and power variation. The energy flux
decrease results from the increased collision rate of sputtered particles at
higher probe-to-target distances. Thus, a higher number of sputtered
atoms are slowed down and unable to reach the substrate. This leads to
thinner films and lower deposition rates.

The energy flux and consequently, the deposition rate show a
quadratic decrease with increasing distances, suggesting that the heat
intensity resembles that of a point-like source.

Here, the intensity decreases with increasing distance in a ratio of [
~1/d?, with I being the intensity and d the distance between the probe
and a point-like source. Since the distance d = 5 mm - 40 mm is very
small, we can no longer consider a close and comparably large plasma
plume as a whole point-source, but instead we need to consider every
point of it - especially beneath the race track - as a point-like source [21,
50].

3.3. Film and plasma properties versus sputtering power

When increasing the plasma power of the sputtering process from 20
W to 100 W, only slight variations on the superconducting properties of
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Fig. 13. RT-measurements for a variation in the deposition power (20 W - 100
W) with a constant pressure of 0.5 Pa and distance between target and sample
of 37 mm. Inset: Calculated T, (black) and RRR (red) for the measured RT-
curves. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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the NbN films can be observed (Fig. 13). Only a marginal increase in T¢
with increased sputtering power can be detected while RRR does not
display any significant changes. Despite the minimal change in transi-
tion temperature, there is a clear linear increase in the deposition rate as
a function of the increasing process power. Such an observation is sur-
prising since, according to previous assumptions, the growth of the
crystal layers of superconducting NbN is closely linked to the deposition
rate [8] (Fig. 15).

At a process pressure of 0.5 Pa and a distance of 37 mm, the structure
of the deposited NbN layers is independent of process power, as
demonstrated by the GIXRD spectrum (Fig. 14). Neither crystallinity nor
grain size show any dependence on sputtering power. This observation is
in agreement with the investigation of the influence of the process power
on the critical temperature, and confirms that the deposition rate cannot
be directly correlated to the transition temperature and crystallinity of
the NbN films.

A comparison between the energy flux and deposition rate for
increasing magnetron power is shown in Fig. 15. The mean energy flux
varies between 42 mW/cm? at a power of 20 W and 172 mW/cm? at 100
W. Moreover, the deposition rate increases from 15 nm/min at 20 W to
85 nm/min at 100 W. Both the energy flux and deposition rate show a
linear increase for increasing power.

The energy flux being understood as a power transfer from the
target/cathode to the substrate, a linear increase of the energy flux for
increasing magnetron power is expected [20].

At higher power, the target’s potential gets more negative compared
to the substrate. Due to a higher potential difference, the positive ions
accelerated towards the target obtain higher velocities and, thus, a
higher kinetic energy. After momentum transfer, more target atoms will
be sputtered resulting in a higher deposition rate.

Other plasma parameters like floating and plasma potential, electron
temperature, and ion current density are obtained for probe-to-target
distances of 37, 67, and 97 mm (Fig. 16).

The electron temperature shows an almost constant trend for d > 37
mm as seen in Fig. 16a. At higher probe-to-target distances, the electrons
collide with more particles, losing kinetic energy and consequently
reducing their temperature. As a result, the electron temperature at 67
mm and 97 mm is lower than at 37 mm.

Furthermore, the electron temperature increases from 2.2 eV at 20 W
to about 3.1 eV at the maximum power for a distance of 37 mm. This is
reflected by the plasma potential (Fig. 16¢) and can be related to the
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Fig. 14. GIXRD curves for a power range from 20 W to 100 W with a constant
pressure of 0.5 Pa and distance between target and sample of 37 mm. Inset:
Crystallinity (black) and grain size (red) extracted from the GIXRD. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

Thin Solid Films 742 (2022) 139046

200 100 _
3150/ 180 5
= g
£ 160 o
= 100 g
= 140 g
2 7
g 20 &

o
0 | L | n 1 n 1 0

20 40 60 80 100
P (W)
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Fig. 16. Plasma parameters as a function of process power- the mean values
and the standard deviations obtained from the three measurement points for
each condition are depicted (squares with error bars). The solid and dashed
lines are added as a guide to the eye for the mean values (37, 67 and 97 mm
target to probe distance, respectively). (a) Electron temperature, (b) floating
potential of probe, (c) plasma potential, and (d) current density of positive ions.

strong presence of the magnetic field.

Since the field strength of the magnetron is stronger at short dis-
tances, the floating potential is more negative resulting in a higher
number of trapped electrons (Fig. 16b). With increasing magnetron
power, the plasma density increases, leading to a higher number of
electrons and ions. Yet, the floating potential of all three curves does not
show a pronounced behavior, which is inconsistent with previous work
on DC magnetron sputtering processes [51].

The plasma potential for distances of d > 37 mm behaves analogous
to the floating potential, while for a probe-to-target distance of 37 mm it
exhibits a total increase of 3.6 eV (1.6 eV to 5.2 eV) with increasing
power (Fig. 16¢). Here, the effect of the magnetic field is more pro-
nounced, leading to a higher number of electrons in the plasma torus
and, thus, a higher plasma density at a distance of 37 mm.

The current density of the positive ions is presented in Fig. 16d. With
increasing magnetron power, the velocity and kinetic energy of the ions
increases. As a result, a higher number of ions are accelerated towards
the probe (substrate) leading to a higher ion current density.
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At 37 mm the increase of the current density is steeper (from 2.5 A/
m?to 41.13 A/m?).

This can be attributed to smaller amounts of ions close to the
magnetron and its magnetic field.

4. Conclusions

In summary, we show in this work that the analysis of the plasma
parameters offers a comprehensive understanding of the effect of sput-
tering parameters on the layer growth of superconducting NbN. As the
characterization of the energy flux alone provides insufficient informa-
tion, further insight into the plasma parameters can be obtained by
means of Langmuir probe measurements. This shows an increase of
charged plasma particles with lower kinetic energies, resulting in a
strong degradation of the structural layer properties via grain size
reduction. This reduction in grain size is directly correlated to the
transition temperature of the superconducting thin film. In addition,
GIXRD and AFM structural analyses permitted film classification in
Thornton’s SZD, and demonstrating that the NbN film display the
highest crystallinity for a pressure of 1 Pa.

A change in the substrate-target distance lower than the mean free
path of the neutrals in the gas phase, induces an increase in the energy
flux and a decrease in the transition temperature. The absence of cor-
relation between RRR and T¢ and the increase in energy flux suggests a
higher defect density due to increased bombardment by neutrals.

The increase in plasma power shows a linear increase in deposition
rate and energy flux, which are very highly correlated. No influence on
the crystallinity and transition temperature of the layers could not be
demonstrated under the given conditions, which together with the
change in energy flux and sputtering rate can be explained by an
increased amount of target atoms with constant energies.
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III.1 Summary

In this manuscript, we present our results of a Rayleigh analysis performed
by impedance spectroscopy on a ferroelectric undoped [HfO4 layer ( ~10 nm)
sandwiched between two superconducting electrodes and prepared by
sputter deposition. Due to its great potential, given by its compat-
ibility and scalability, ferroelectric [HfOg] has been of great interest since its
discovery about a decade ago. Various applications of the newly discovered
property of [HfO] are already found in ferroelectric field effect transistors, fer-
roelectric tunnel junctions, as well as neuromorphic devices, thus expanding
the technological scope toward memory applications. Although numerous
applications of ferroelectric [HfOg] exist, some of the underlying mechanisms
of ferroelectric phase stabilization and ferroelectric switching are not yet fully
understood.

The nature and movement of the domain walls within the ferroelectric
layer provide information about the switching behavior and are assumed
to be the cause of good scalability. Through our experiments, we demon-
strate the applicability of Rayleigh’s law to the domain wall behavior of
[HfO,l The data relevant to the Rayleigh analysis is extracted by impedance
spectroscopy, a non-destructive and fast measurement technique. Results of
Rayleigh analysis provide information on the flexibility of the domain walls,
which in turn gives insight into scattering processes that impede domain
wall motion. Furthermore, a structural and chemical analysis is provided,
which focuses on the chemical properties of the interfaces between the elec-
trodes and the active layer. In particular, the electrodes contain a low oxygen
content compared to other typically used electrode materials. A low interdif-
fusion between the electrodes and the oxide layer allows more precise tuning
of the oxygen content, which is essential for stabilizing the ferroelectric phase
in the undoped [HfO4| layers and is, therefore, favorable. A further benefit
of superconducting electrode materials lies in the potential development of
low-energy electronics for low-energy computing.

Our findings show that stabilizing undoped [HfO] on by sputtering
position is possible. In addition, we demonstrate that a deeper understand-
ing of the processes of ferroelectric switching can be obtained by employing
impedance spectroscopy. These insights are beneficial for the effective tuning
of the ferroelectric layer properties.
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ABSTRACT: The discovery of ferroelectricity in doped HfO, in 2011 gave rise to quite a stir in the
scientific world that persists up to this day. The complementary metal oxide semiconductor compatibility, as
well as good scalability, enables versatile applications ranging from ferroelectric field effect transistors to
terroelectric tunnel junctions and neuromorphic devices. Stabilizing the metastable polar orthorhombic phase
with space group Pca2,-phase, which is responsible for the ferroelectricity in HfO,, is still challenging. We
demonstrate for the first time a sputter deposition of undoped ferroelectric HfO, on superconducting NbN =
electrodes, with a remanent polarization of 6.4 uC/cm® Grazing incident X-ray diffraction on the layer 3 v

structure, dynamic hysteresis measurements, and electron energy loss spectroscopy on fabricated devices x| o Ri R
indicate a HfO, layer with low oxygen deficiency. Furthermore, no evidence of interdiffusion of oxygen or ' i \
nitrogen at the interfaces is found. A sudden “wake-up” for the transition from the dielectric state to the / ‘mﬂvw
ferroelectric state as well as no classical fatigue effect for the degradation of the ferroelectric performance are Zow
observed. These analyses are extended by an investigation of Rayleigh behavior using impedance Z'(W)[Q]

spectroscopy. In that way, the domain wall flexibility is quantified and classified within different regimes of
the various domain wall motions.

KEYWORDS: Ferroelectricity, Impedance Spectroscopy, Domain Wall, Hafnium Oxide, Superconductivity

B INTRODUCTION HfO,, where usually only a narrow range of doping
concentration produces the desired ferroelectric effect.” A
system in which the oxygen defects act as dopants, as in the
undoped ferroelectric HfO,, allows a more flexible adjustment
of the process independent of the target properties.'’ Since
future low-energy computing technologies may require
cryogenic temperatures, using superconducting electrodes
such as NbN is beneficial for very fast operation speed'' and
low energy consumption.'” Furthermore, superconducting
electrodes pave the way for Josephson junction (JJ) neurons
based on ferroelectric HfO,, which are considered promising
candidates for neuromorphic computing.'”'* In addition, NbN
shows desirable features compared to the most commonly used
TiN electrodes in terms of resistance against oxidation,"®
which in turn reduces the formation of oxidic interfaces, and
favors the production of tunnel junctions with NbN electrodes.

For the characterization of the ferroelectric performance of
the deposited HfO, layers, an analysis of the Rayleigh behavior
is useful, which allows extracting information about the
behavior of domain walls in interaction with pinning

The discovery of ferroelectricity in HfO, sparked new interest
in the ferroelectric information storage research field," which
lost popularity due to the lack of complementary metal oxide
semiconductor (CMOS) compatibility of the widely used
ferroelectric perovskites.” The scalability of hafnia-based
devices and the compatibility of HfO, with CMOS technology,
known through its use as a high-K gate dielectricum,
demonstrate the great potential for HfO,-based ferroelectric
devices as semiconductor components in diverse device types.’
Accordingly, research on the integration of ferroelectric HfO,
has already been carried out on a variety of different device
types, such as ferroelectric random access memory (FRAM),
ferroelectric tunnel junctions (FTJs), and ferroelectric field
effect transistors (FeFETs).”” For the fabrication of undoped
and doped ferroelectric HfO, layers, atomic layer deposition
(ALD), sputtering, pulsed laser deposition, and chemical
solution deposition can be used as deposition methods.®
Even though there have been almost twice as many
publications on ALD for HfO, production as on sputtering
deposition in the past three years,” the sputtering process offers
advantages such as more adjustable process parameters and,
thus, a high degree of flexibility as well as a larger deposition
rate.” Furthermore, combining undoped HfO, as a ferroelectric
with superconducting NbN as electrode material has several
benefits. From an engineering point of view, the advantage of
undoped HfO, is the ease of handling compared to doped

Received: March 13, 2023
Accepted: May 3, 2023

© XXXX The Authors. Published b;
Aericl:m %ﬁemlijcaissgcietz https://doi.org/10.1021/acsaelm.3c00336

W ACS Pu bl ications A ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX



ACS Applied Electronic Materials

pubs.acs.org/acsaelm

centers.'”'” By the Rayleigh analysis method, it is possible to
obtain information about defect densities and pristine
structures of the domains, which are essential for optimizing
the deposition process of ferroelectric layers and hence the
development of efficient ferroelectric memory modules.

Domain wall motion is of particular interest in fluorite
structures such as HfO,,'® since such structures do not contain
Ising walls as in perovskites, but instead domains down to the
size of a unit cell with highly localized domain walls."” This is
possible due to flat phonon bands, which suppress an
interaction between the dipoles and thus make them locally
switchable.”” Due to the phonon velocity approaching zero, the
domain wall is assumed to have a thickness close to zero.”
This special feature leads to a more sluggish behavior of the
domains on one hand,*°~* but on the other hand it allows
scale-free multilevel switching, which is especially interesting
for memory applications. In addition to FeFETS, a novel form
of brain-inspired memristor is currently being investigated for
neuromorphic applications, which benefits the switching of
conducting charged domain walls.”*~>°

Impedance spectroscopy can be used to measure the field
dependence of the domain wall motion and the frequency
dispersion. The first Rayleigh law measurements on ferro-
electric HfO, were published a few years after the discovery of
ferroelectricity in HfO,.”” Impedance spectroscopy on ferro-
electric-doped HfO, was previously performed in 2016 by
Grimley et al.” In the course of this analysis, interfacial effects
and effects of a wake-up could have been defined.”**” In 2018,
the introduction of a Rayleigh element by Schenk et al. gave
the possibility to extract information about the field-dependent
behavior of domain walls (DW) by utilizing impedance
spectroscopy.”’ An addition of frequency dispersion to the
Rayleigh element due to the pinning of DW’' was later
provided by Becker et al. and applied to epitaxial and
polycrystalline ferroelectric 0.5(Bag;Cag3)TiO3—0.5Ba-
(Zry,Tigg)O; (BCZT) films.'®"”

This study shows an RF-sputtering process for undoped
ferroelectric HfO, on superconducting NbN electrodes.’” Such
a junction might be an attractive way to develop low-
temperature, low-power superconducting electronics.”> Both
the HfO, and NbN are structurally and chemically analyzed for
crystal phase, grain size, and oxygen content.

B EXPERIMENTAL SECTION

The devices presented in this work consist of capacitor-like structures
in which a ferroelectric layer of undoped HfO, is sandwiched between
two NbN electrodes. All samples prepared for this study were
deposited on a silicon substrate with a 400 nm thermally oxidized
SiO, passivation layer at its surfaces. The NbN bottom electrode (BE)
with a layer thickness of dgz = 30 nm was deposited on the substrate
by DC magnetron sputtering. The HfO, with a layer thickness of dgg
= 9.5 £ 0.5 nm was deposited by RF magnetron sputtering in Ar
atmosphere. An annealing step at 600 °C for 10 s under a N,
atmosphere at atmospheric pressure is performed as an unconfined
bake. Afterward, the top electrode (TE) was deposited with the same
parameters as the BE, and a d,, = 10 nm thick layer of gold was
sputtered on top. The top electrodes were structured by a lift-off
process. The fabrication parameters are summarized in Table 1.

X-ray diffraction patterns were obtained with a Rigaku SmartLab 9
kW diffractometer at a wavelength of A = 1.5418 A. For the grazing
incident X-ray diffraction (GIXRD) measurements, a 9 kW copper X-
ray source was used in a monochromatic parallel beam configuration
focused with a length-limiting slit of 5 mm along the longitudinal axis.
The grazing incidence angle was set to 0.5° for both presented
measurements.

Table 1. Process Parameters

target Nb(6”) HfO,(4") Au(4")

source DC RF DC
magnetron magnetron magnetron
power (W) 400 120 100
gas flow (sccm) 12 Ar + 3N, 40 Ar 10 Ar
pressure (mbar) 1.3 x 1072 1.3 x 1072 1.3 x 1072
target-to-substrate distance 70 50 55
(mm)

deposition rate (A/s) 1.8 3.6 10
thickness (nm) 30 10.5 10

A trained device was prepared for cross-sectional TEM analysis by
focused ion beam milling using an FEI Helios Nanolab system. TEM
measurements, including Electron Energy Loss Spectroscopy (EELS),
were performed at a FEI Tecnai F30 G* with 300 kV and a field
emission gun.

Electrical I-V and P—V measurements were performed on an
Aixacct TF2000 analyzer and a Precision Premier Pro II from Radiant.
The C—V data were measured on a Precision LCR meter 4284A from
Hewlett-Packard. A homemade impedance spectrometer was used to
obtain the impedance of the ferroelectric films with frequency
response analysis. For the amplitude of the electric field E,, a range
from 0.05 up to 0.88 MV/cm was chosen for the measurement. The
frequency range was between 0.76 and 358 Hz. Fitting the impedance
data was performed with a customized version of the python library
impedance.py.** For the fitting of the impedance data, only measuring
points that showed a deviation of less than 5% according to the linear
Kramers—Kronig theorem®® were considered.

B RESULTS AND DISCUSSION

Structural Analysis. GIXRD measurements before and
after annealing reveal the crystallization and phase evolution of
the devices analyzed in this work, as shown in Figure 1. For the
undoped HfO,, an annealing-induced separation into several
crystal phases is shown. A reflection at about 28° indicates a (1
1 —1) monoclinic phase fraction. The existence of a clearly
visible monoclinic (1 1 —1) reflection is indicating that the
HfO, is nearly stoichiometric, since the monoclinic phase is
the energetically preferred phase of stoichiometric HfO,.*
Thus, there appears to be a low density of oxygen vacancies.
This is also reported for other ferroelectric HfO, layers
sputtered with an additional small amount of oxygen within the
process gas.®

Based on the GIXRD scan, the orthorhombic/tetragonal/
cubic (o/t/c) phase appears to be more dominant. Distinction
of the o/t/c phases is difficult by XRD alone; therefore a phase
mixture cannot be excluded. However, the existence of the o-
phase is proven by the ferroelectric properties. The structure of
the NbN electrodes is already shown to be polycrystalline
cubic after deposition, and the crystal phase is not affected by
the annealing step. The annealing step leads to an increase in
the crystallinity of NbN and HfO,, which can be seen in the
intensity increase of the GIXRD pattern normalized to the
(200) reflection of NbN. Since all reflections increase almost
equally, it is not assumed that a texture is formed. This is also
proven by electron diffraction (data not shown).

The crystal size affects both the phase transformation
process of HfO,*'**® and the superconducting properties of
NDN. For the superconducting properties of the NbN, a
possible epitaxial growth is ideal since the coherence length
depends essentially on the grain size.”> In contrast, a small
grain size is advantageous to stabilize the ferroelectric
orthorhombic phase. This can be achieved, for example, by
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Figure 1. (a) Diffraction pattern for monoclinic*® HfO, (black) as
well as cubic NbN®" (blue). The diffraction pattern for the
orthorhombic Pca2; phase (black) of HfO, was generated with the
cell lengths a = 527 A, b = 5.04 A, ¢ = 5.07 A. (b) GIXRD of the
ferroelectric undoped HfO, sandwiched between NbN bottom and
top electrodes.

reducing the film thicknesses of the HfO, layer” as well as the
bottom electrode. Thus, a conflict arises for the grain size
optimization of the NbN.

From the GIXRD scan (Figure 1), the grain sizes of the
NDN and HfO, layers can be determined using the Halder—
Wagner method.”” The deposited NbN has a grain size of 5.2
nm, which increases with the heat treatment to 6.8 nm. This is
about twice the minimum grain size required for a sufficient
coherence length to enable superconductivity.”” The crystallite
size of HfO, is 7.2 nm, which is close to the theoretical
optimum of 8—16 nm for stabilizing the orthorhombic phase,
as calculated by density functional theory (DFT) of Materlik et
al.** Smaller grains are assumed to be stable in the tetragonal
phase and larger in the monoclinic phase.

The cross-sectional transmission electron spectroscopy
(TEM) image of the MIM capacitor (Figure 2a) shows
smooth interfaces. Further, a columnar structure of the NbN
electrodes with a small column diameter, which fits well with
the 6.8 nm determined by XRD, is detected. These NbN
columns extend over the entire electrodes, arguing against
oxidized interfaces with the HfO,.

The EEL spectra in Figure 2b show a comparison of the BE
and the TE) in the bulk and near the interfaces with HfO,. No
differences in the degree of oxidation can be evidenced from
the O-K peak intensity. Hence, a low and uniform presence of
oxygen in both TE and BE can be concluded, which is usual for
cross-sectional samples prepared by focus ion beam etching
due to the large surface exposed to air. Nevertheless, a
transition temperature, from a conducting to a superconduct-
ing state, of about 9 K has been demonstrated for NbN
electrodes deposited in such a manner, indicating a relatively
small grain size and low oxygen content.”” Larger grains would
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Figure 2. (a) Cross-sectional TEM image of the capacitor-like
structure. (b) EELS measurements of NbN electrodes close to the
interfaces with the HfO, and in the bulk. The solid curves show the
averaged data of the individual scans, which are represented by the
semitransparent curves. All spectra were background subtracted and
normalized to the Nb M, edge. Peak positions were extracted from
Guedj et al.** (c) Low-loss EELS of the HfO, layer, together with
reference spectra for monoclinic HfO, (powder) and HfO, with high
and low oxygen content prepared by atomic layer deposition
(ALD)."

favor a higher transition temperature but suppress the growth
of the metastable orthorhombic phase of HfO,.

Furthermore, neither nitrogen nor niobium can be detected
in the HfO, (Supporting Infromation, S3; Figure S). Thus, an
often observed interdiffusion of HfO, and the electrodes is not
observed.*” This is preferable in the preparation of ferroelectric
HfO,, since stoichiometry is a crucial factor in achieving the
terroelectric crystal phase. Therefore, the use of NbN as
electrode material allows a finer adjustment of the oxygen
content in thin HfO, layers, in contrast to, for example, TiN.

The low-loss EEL spectrum of the HfO, layer is shown in
Figure 2c, along with reference spectra of monoclinic HfO,
(powder) and HfO, with low and high oxygen content
deposited by ALD.*" The plasmon geak at about 16 eV is
sensitive to oxygen concentration.*"* It indicates an oxygen
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Figure 3. Remanent polarization measurement conducted with the
PUND method at $ kHz.
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Figure 4. [-V measurements during wake-up at S kHz. Inset: The
positive and negative polarization corrected for the leakage current
component during wake-up taken from four samples.

content between that of the reference spectra with low and
high concentrations and a phase portion of the m-phase. This
fits well to the indicated phase mixture of monoclinic and
orthorhombic by GIXRD.

Training: DC Measurements. For electrical character-
ization, polarization vs voltage (P—V) and capacitance vs
voltage (C—V) curves, as well as impedance spectra, were
measured on the ferroelectric NbN(30 nm)/HfO,(9.5 nm)/
NbN(30 nm) devices. From the uncorrected P—V curve of the
ferroelectric capacitor, a remanent polarization of 2P, = 9.6
uC/cm?® can be obtained (Figure 3). For the leakage current
corrected P—V analysis, which uses the positive-up—negative-
down (PUND) method, a reduced saturated P—V curve with a
remanent polarization of 6.4 uC/cm? is determined, with the
negative coercive field of —E. = 1.9 MV/cm and the positive
coercive field of E. = 2.0 MV/cm. The offset between positive
and negative coercive fields is called imprint and can have a
variety of causes, ranging from domain pinning to degradation
of the ferroelectric properties.”* For HfO,-based ferroelectrics,
charge-injection-induced electron detrapping from oxygen
vacancies is assumed to be the main cause of imprint.*

a) T T T T T T T 29 A
1.45-107"f :
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— n 28
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o
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i
L 427
1351011 1M
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Figure S. (a) Device capacitance C, and relative permittivity €
dependent on the applied electric field for the pristine (black) and for
the woken-up state (red) at S kHz and V,,, = 50 mV. The
permittivity ranges assigned to the different crystal phases are shown
on the right side of the graph.”® The dashed black lines show the
sketched course of an antiferroelectric as an orientation. (b) Leakage
resistance R,. The full colors are for the sweep from a negative to a
positive field, and the transparent colors are for the sweep from a
positive field to a negative field.

There is a minimal imprint for the layers investigated here,
which changes only marginally during the component’s cycling.
This, in turn, suggests a low density of oxygen defects.

The wake-up of the ferroelectric effect is investigated by
consecutive I-V cycling with a frequency of 5 kHz, as shown
in Figure 4. The cycling of the ferroelectric layer shows a wake-
up phase before the ferroelectric characteristic becomes visible,
like most polycrystalline HfO, layers.'””**® Both of the I-V
curves shown in Figure 4 and the corrected remanent
polarization curve in the inset show a sudden increase in
polarization. Tt takes about 5 X 10° cycles until the sample is
fully trained. Since no displacement currents can be measured
for the pristine state, one speaks of a sudden wake-up.*” Such
wake-up behavior was first observed by Lederer et al. and was
related to field-induced crystallization.”” Recently, ferroelastic
90° domain switching was revealed as an additional possibility
for a transition from a nonpolar direction to the polar (001)
direction of the ferroelectric orthorhombic phase.*

With increasing cycle number, an increase in leakage current
can be observed at voltages above 3 V, eventually leading to a
breakdown of the ferroelectric films between 5 X 10° and 8 X
10° cycles.

For all measurements performed, there was no decrease in
the sample’s polarization at any time during a fatigue
measurement. Fatigue in ferroelectric HfO, layers is often
observed, whether doped®™*”*° or undoped.””*" This is one of
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the major obstacles to implement ferroelectric hafnia into
reliable information storage elements. It is associated with
oxygen migration during cycling and phase transition.>”

C—V measurements of the undoped ferroelectric HfO,
(Figure Sa) show a classic butterfly curve for the condition
after the training (10° cycles), which is caused by the
movement of domain walls that are excited by the oscillation
of the small signal amplitude (50 mV) of the C-V
measurement.>’ However, a comparison with the pristine
state reveals two unusual features. First, there is just a slight
change in the minimum permittivity, which can mainly be
attributed to the crystal phase. Therefore, a constant phase
mixture is assumed and no phase transitions.”® Such behavior
can be explained by a ferroelastic 90° domain switching, which
is also suspected to occur in undoped HfO, films on TiN
electrodes.” Second, there are signs of antiferroelectric
behavior in the C—V characteristics, manifested by a double
peak (Figure Sa) in both the negative and positive regions of
the applied electric field.>* For the negative range of the
electric field, an antiferroelectric typical double peak can be
seen more clearly, whereas the coercive fields for the positive
electric fields appear to be slightly higher (Figure S). A possible
explanation for this observation could be a phase transition
from an orthorhombic phase with weak antiferroelectric
behavior to an orthorhombic phase with ferroelectric
behavior.*>

Furthermore, leakage resistance measurements show an
increase in resistance for electric fields below 2.5 MV/cm with
an increasing number of cycles, in addition to a slight change in
the voltage dependency (Figure Sb). Such changes in resistivity
during wake-up are attributed to oxygen vacancies moving out
of the bulk material toward the electrode interfaces.>®

Rayleigh Analysis: AC Measurements. Theoretical
Background. The Rayleigh analysis presented in this work is
based on the logarithmic frequency dependence of domain wall
motions in a rough energy landscape found by Becker et al.'® A
detailed derivation of the origin of the Rayleigh model used
can be found in the Supporting Information, S1.

The assumption from Becker et al. of a frequency-dependent
motion of a domain wall in a rough energy landscape leads to
the following definition of the real and imaginary part of the
relative permittivity:

r,in

1H
€/(Eo f) = €m0 + agEo + A€, + Aa'EO]h{ 27;]

(1)

with €/, as the frequency-independent component of the

’

reversible DW displacement, A€, ;, as the zero-field contribu-

tion to the logarithmic dispersion strength, ag as the
frequency-independent component of the Rayleigh constant,
and @' as the coupling strength between dielectric nonlinearity
and frequency dispersion. The latter is defined as the change of
logarithmic frequency dispersion strength with field amplitude
or equivalently as the change of the irreversible Rayleigh
parameter with the logarithm of the frequency.

For the imaginary part of the complex permittivity the
following applies:

&' (Ey) = € + a'Ey )
As can be seen in eq 2, the complex part of the permittivity
responds independently of the changing electric field.

However, it contains a factor €], which represents the zero-
field contribution and is therefore 0 in nonstressed ferro-
electrics without an internal field.

Linear equations for the three dispersion parameters can be
derived from eq 1 and eq 2:

€rl,0(Eo) = €r/,‘m,0 + agkE, (3)
€:0(Ey) = €5, + a'Eg (4)
Ae/y = A€/, + AQ'E, (s)

By analyzing these dispersion parameters, it is possible to
define the behavior of ferroelectrics in different field frequency
ranges. Three different behavioral ranges for ferroelectric
domains could have been already defined solely from the
dielectric response to differently high fields:'®"” (I) the
subthreshold range, in which only reversible changes of the
domain walls take place, (II) the Rayleigh-like region, in which
irreversible shifts in domain wall mass centers result in
nonlinearity in the dielectric response, and finally (III) the
regime of partial switching, which is particularly interesting for
the field of neuromorphic computing, in which the biological
model of the synapse is emulated by partially switching
memristive devices.”” Due to the introduced coupling of field
dependence and frequency dispersion, a further subdivision of
the Rayleigh-like regime follows. The distinction is made
between the stochastic behavior and the pinning of DWs,
which will be discussed in more detail in the following analysis.
As an equivalent circuit element, the so-called pinning element

Zpw:

€rf’/0 - i[e;yo + Aer'ln(lzi;)]

2
ZﬂfCO{[Gr,’O + Aer'ln(%)] + }gr"/oz o

was extracted by Becker et al.'” from the above assumptions,
which is used in the following for fitting the impedance data.

Analysis. For the investigated HfO, samples, utilizing three
equivalent circuit elements is sufficient to generate a high
quality fit in the used frequency range. When measuring the
impedance at higher frequencies, interface effects can become
visible, which are usually compensated by adding another
resistor and a capacitor connected in parallel (RC element).
To generate a fit of high quality despite the six degrees of
freedom for the equivalent circuit shown in Figure 6a, a “prefit”
was performed to determine starting values and bounds for the
fit parameters. For this purpose, a simplified Randle’s circuit
was used, which helped to estimate the parameters Ry, R;, and
Co. The frequency dispersion was approximated by the
logarithmic fit error. Details on data fitting can be found in
the Supporting Information, S2.

The fit with the DW pinning element shows a significant
improvement in terms of normalized error, which can also be
seen in the plot of the Bode diagram (Supporting Information,
S2). The parameters of the example fit and two more
impedance spectrum measurements inside the Rayleigh regime
are shown in Table 2.

A nearly constant value (i.e., independent of the applied
electric field) was fitted for the geometric constant of the
capacitance C;, which is composed of contact size, layer
thickness, and vacuum permittivity. A slightly lower value than
expected (C, ~ 5.8 X 107") indicates a smaller contact size

Zpw =
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Figure 6. (a) Cole—Cole plot of the impedance of a ferroelectric
HfO, layer between NbN electrodes at an electric field of E, = 78.35
X 10% V/cm for a frequency range from 0.78 to 358 Hz shown in a
Nyquist plot, along with a fit for an equivalent circuit containing two
resistances and a DW pinning element. (b) Normalized error of the fit
model divided into real and imaginary components plotted against
frequency.

than the approximated 25 X 25 um?® after lift-off. The
dispersion parameters are plotted against the electric field
amplitude in Figure 7 to determine the Rayleigh range and
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Figure 7. Field dependence of dispersion parameters €,,’, €,,", and
Ae, ', along with linear fits in the Rayleigh range.

other parameters of the Rayleigh analysis. The three areas of
subthreshold, Rayleigh-like, and })artial switching can be
identified. According to Hall,”’ the definition of the
subthreshold region describes the region in which no
irreversible DW motion takes place. The transition to the
Rayleigh-like region occurs at the threshold field, which is E1 =
0.4 MV/cm for the measured HfO, layers. The definition of
the Rayleigh-like region was chosen so that the coeflicient of
determination R* is greater than 0.95 for the linear fits of the
three dispersion coefficients (eqs 3, 4, 5). This results in a field
strength Epg of about 0.8 MV/cm for the transition to the
partial switching region.

The parameters obtained from the fits of the Rayleigh
equations can be found in Table 3. With a zero-field value
€m0 Of 36.35, the real fraction of relative permittivity is
slightly above the assumed value of 35 for the orthorhombic
phase.”®*® The value a,’ describes a nonlinear field interaction,
which becomes most significant for fast-moving DWs. This
field interaction thus includes the velocity of the fast-moving
domain walls under the influence of an external field, which in
turn depends on the flexibility of the domain wall. Thus, alpha
can be understood as an indirect measure of domain wall
flexibility. From the experiments, an o, of 2.22 MV/cm can be
determined, which is about a factor of 4 lower than that of
silicon-doped hafnium oxide®” and orders of magnitude smaller

than the value for ferroelectrics based on BCZT (NIO3 MV/
em).'® It should be noted that the value for silicon-doped
HfO, was not determined according to the method of Becker
et al. and could therefore deviate from the values determined
in this work due to the lack of consideration of parasitic losses
of the frequency dispersion by Becker et al.

The deviation of the zero-field value of the imaginary part of
the relative permittivity from zero indicates the presence of an

Table 2. Fitting Parameters for Three Different Field Strengths in the Rayleigh Range

Ey(MV/cm) Ry(Q) R(Q)
0.39 8.74 X 10° 2.79 x 10'0
0.59 491 x 10° 1.39 x 10'0
0.78 2.30 X 10° 7.37 x 10°

Co(F) €, € Ae,y
6.63 x 10713 0.1 37.4 0.176
6.64 x 10713 0.254 37.8 0.196
648 x 10713 0.55 39 0.213
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Table 3. Dispersion Parameters Extracted from Figure 7

€ring’ ay’ (MV/cm) €.

r,in
36.35 + 0.05 (222 + 0.08) —0.29 + 0.04

a’(MV/cm) Ae, ;)

I,in
(0.965 + 0.068) —0.04 + 0.017

Aa’(MV/cm)
(0.355 + 0.028)

internal bias or stress field.”” According to eq 1 and eq 2, the
a” parameter represents the analogy to o’ for the imaginary
domain and thus also provides information about the field
interaction of the fast-moving DW. Low values of the two «
parameters, therefore, indicate parasitic effects such as
scattering processes, which result in a low DW flexibility. We
find the factor of 37/4 between a” and @, which is already
indicating the Rayleigh frequency in the lower frequency
spectrum. The coefficient A¢,;," is the zero-field contribution
to the logarithmic dispersion strength. A negative value for
Ae,;," means an increase of the reversible Rayleigh parameter
€., with increasing frequency according to eq 1. The reason
for this could be a resonance behavior of the vibration of DWs,
which would lead to an increase of ¢,;," for low frequencies.
Due to the high deviation of +0.017 from the fit for the Ae,;,’
(Table 3), however, a fit error or measurement error for the
dispersion parameter for the irreversible process would also be
plausible. Therefore, an interpretation of this fit parameter
should be considered cautiously.

The coupling parameter Aa’ between dielectric field
dependence and frequency dispersion is 0.355 MV/cm for
the investigated films. From the determined parameters shown
in Table 3, the frequency dependence of the Rayleigh constant
can be represented with the help of eq 1 (Figure 8). The
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Figure 8. Irreversible Rayleigh parameter-dependent frequency. The
Rayleigh frequency f and the crossover frequency f, are marked.

frequency, in which the symmetry criterion of 37/4 between
the real and imaginary parts is fulfilled, is described as Rayleigh
frequency. It is determined as fp ~ 0.14 Hz. Rayleigh-like
behavior is defined for the frequency range in which the
Rayleigh constant is greater than zero. In this regime, it is
assumed that the center of mass of a DW can jump between
different potential minima. Since the center of mass of a DW
passes through several potential minima within one electric
field cycle, such behavior resembles the stochastic motion of
particles in an RF environment.® Thus, it is called the
stochastic regime.>”

In our data, a transition of the irreversible Rayleigh
parameter to negative numerical values can be observed at a
frequency of f, ~ 83 Hz. This frequency f, is thus called the
transition frequency between the pinning and stochastic

regime. From this frequency on, a movement of the center
of mass of a DW is only assumed between different metastable
states since the exciting field period is too short for the center
of mass to escape from the potential minimum. This area is
called the pinning regime. For the investigated polycrystalline
HfO, film the transition between the stochastic regime and
pinning regime occurs at lower frequencies relative to epitaxial
terroelectric Y:HfO, films due to the low DW mobility and the
relatively high coupling parameter Aa’, which can be found in
the Supporting Information S4. An obvious explanation for the
different behaviors of the measured HfO, layers and
terroelectric BCZT layers lies in the different morphologies
of the films. HfO, has a higher density of grain boundaries and
different grain orientations due to its polycrystalline structure,
which both greatly influence the switching behavior.”” The
influence of grain boundaries and their orientation can lead to
the pinning of domain walls.®1 =% However, grain boundaries
do not affect the avalanche-like propagation of the influence of
a domain wall displacement on the adjacent domain walls.**
Nevertheless studies by Becker et al. have shown a reduction in
the coupling factor of frequency dispersion and field
dependence for epitaxial ferroelectric BCZT compared to
polycrystalline BCZT films.'®'” This may be explained by the
interplay between domain size and grain size of the
polycrystalline films. If the grains are smaller than the domains,
the film is less responsive to an external electrical field than a
system with large grains and small domains.

To verify some of the results of the Rayleigh analysis, a
check using the second Rayleigh relation for ferroelectric
cegagmics is helpful. The second Rayleigh relation is defined
by™

/ a2 2
p 60([€r(0) + aEyE + 2 (Ey — E )] 7

For a equal to ay, eq 7, with the parameters determined
from the Rayleigh analysis, yields a polarization of 2P = 5.21
uC/cm?. Since only the ferroelectric process with a logarithmic
frequency dependence is considered by fitting the domain
pinning element, and parasitic effects are thus neglected, this
can be referred to as remanent polarization. This is in excellent
agreement with the results (2P, = 6.4 uC/cm®) and, thus,
indicates the quality of the Rayleigh analysis.

The behavior of the real fraction of the relative permittivity
€, for the analyzed HfO, films calculated by eq 1 is visualized
in Figure 9 as a heat map from which gradients and the
influence of the regimes can be observed. Figure 9a shows the
transition from the stochastic region to the pinning region in a
semilogarithmic representation. The parabolic course of the
lines in Figure 9a shows the strong influence of the coupling
factor on the behavior of the real part of the relative
permittivity. It should be emphasized that eq 1 does not
apply to the grayed-out areas E, < Er and Epg < E,.
Furthermore, the influence of the dispersion parameter
Ae,;," can only be seen for very small fields in the grayed-
out area. For fields below the threshold field E; = 0.4 MV/cm,
only reversible movements of the DW can be detected, which
corresponds to the noncoupled pinning region. If the field is
between the threshold field and the partial switching field (Ep

https://doi.org/10.1021/acsaelm.3c00336
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Figure 9. (a) Diagram of the different DW motion regimes with
corresponding permittivity values of the polycrystalline HfO, thin film
on NbN electrodes according to Becker et al.'” (b) Schematic of the
motion of the center of mass of a DW in a rough energy
landscape.’®*” The Z axis describes the spatial dimension in which
the center of mass of the domain wall moves and the E axis describes
the energy required for the movement. Blue arrows denote the
reversible movement of the subthreshold or noncoupled pinning
regime. The red arrows show the motion of the center of mass in
different metastable states for the coupled pinning region, and the
green arrows indicate the stochastic behavior.

< Ey < Epg), it is called the Rayleigh region, which is divided
into the coupled stochastic and the coupled pinning regime. A
schematic diagram showing the movement of the center of
mass of a domain wall in the three different regimes is shown
in Figure 9b. For the stochastic region, a possible motion of the
center of mass into one of several potential minima is assumed,
resulting in a coexistence of irreversible center-of-mass motion
and relaxational motion of internal domain-wall segments.'”
For our data, the transition of these two regions occurs at f, =
84 Hz, given that the irreversible Rayleigh parameter becomes
negative beyond this frequency. For an increased frequency
above 84 Hz, the center of mass of the DW can no longer
follow the alternating field and is therefore pinned.'®*”%
Nevertheless, a motion to nearby metastable states is assumed.
However, it must be mentioned that there is still no definite
understanding of the movement of DW in the coupled pinning
regime.'®*? If the field is increased beyond Epg = 0.8 MV/cm,
partial switching of the ferroelectric domains takes place.'*

Bl CONCLUSION

In this work, a novel material combination for ferroelectric
devices was presented by stabilizing thin (9.5 nm) undoped
terroelectric HfO, films on superconducting NbN electrodes
by magnetron sputtering.’ Such a combination of materials
demonstrates the first steps toward ferroelectric tunnel barriers
in superconducting Josephson junctions. This may offer an

attractive way to establish a highly integrable memory
functionality in superconducting electronics, which is other-
wise difficult to achieve.”” In addition, NbN as an electrode
material suppresses the interdiffusion of oxygen, allowing finer
tuning of the oxygen content in thin HfO, films. The prepared
films exhibited spontaneous wake-up, as well as no fatigue for a
total of 2 X 10° cycles, with a maximum corrected polarization
of 2P, = 6.4 uC/cm®. Moreover, a more detailed analysis of the
C—V characteristic hints at an antiferroelectric orthorhombic
phase for the pristine state, together with a ferroelastic 90°
domain switching for the phase transition during wake-up.

Furthermore, this work shows a Rayleigh analysis using the
pinning element for thin ferroelectric HfO, films in a low-
frequency range. The analysis presented in this work shows
that the Rayleigh law, with its linear field dependence and
logarithmic frequency dependence, can also be applied to
highly localized domain walls whose thickness is close to zero.
From the determined Rayleigh parameters for field and
frequency dependence, different behavioral regimes can be
defined, which provide information about the DW dynamics.
We find much lower DW flexibility in polycrystalline
ferroelectric HfO, films than in perovskite ferroelectrics,
suggesting a higher density of pinning centers. Pinning centers
are usually point defects, which, in ferroelectric HfO,, mostly
consist of oxygen vacancies® or pristine domain structures,68
such as nonferroelectric spacer layers between the ferroelectric
layers.”””" EELS and electrical data show a chemically stable
interface between HfO, and NDN electrodes, which exhibits no
interdiffusion of oxygen or nitrogen. Furthermore, a rather
high oxygen content in the HfO, film is detected. Thus,
pristine domain structures and fractions of the nonferroelectric
monoclinic crystal phase are suspected as the main cause for
minor polarization values.
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IV.1 Summary

In the following two papers, the same analog memristive devices composed
of Nb/NbO, [AL;O3)/ [HIO4)/Au showing diode-like |J|-V characteristics are
investigated by two independent and distinct experimental approaches (in-
situ synchrotron-based HAXPES|/[XPSin part I and impedance spectroscopy
(ImpSpec) in part II).

In part I, in-situ synchrotron-based and depth-dependent
are done to probe the device in different resistance states. Chemical analysis
of the materials is supported by [EELSl Additional structural information is
provided by [TEMl Spectroscopic evidence for an analog memristive switch-
ing mechanism based on the charge state of electron traps within [HfOg| is re-
ported for the first time. Strong evidence for memristive switching was found
based on a trap-assisted field effect. In particular, the charging and discharg-
ing of electron traps within an insulating [HfO,] alter the space charge region
of a semiconducting NbO,, in a two-terminal metal-insulator-semiconductor
(MIS) structure, which leads to resistive switching. The stoichiometry of
the three oxide layers NbO,, [Al;O3] and [HfO] is determined by [EELSl The
charging and discharging of the electron traps inside the [HfOj] layer were
determined by observed core-level shifts which were dependent on the mem-
ristive state of the device. Furthermore, no evidence of ionic motion could
be found in the experimental data.

The suggested model for the memristive device comprises of a two-terminal
structure resembling MIS (Metal-Insulator-Semiconductor), where electron
traps within the insulator control the space-charge region in the semicon-
ductor, leading to alterations in the device resistance. These results shed
light on the physical mechanism responsible for memristive switching in such
devices, which are widely investigated as non-volatile memories for neuro-
morphic applications.
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Memristive devices are under intense development as non-volatile memory
elements for extending the computing capabilities of traditional silicon
technology by enabling novel computing primitives. In this respect, interface-
based memristive devices are promising candidates to emulate synaptic
functionalities in neuromorphic circuits aiming to replicate the information
processing of nervous systems. A device composed of Nb/NbO, /Al,O;/
HfO,/Au that shows promising features like analog switching, no electro-
forming, and high current-voltage non-linearity is reported. Synchrotron-
based X-ray photoelectron spectroscopy and depth-dependent hard X-ray
photoelectron spectroscopy are used to probe in situ different resistance
states and thus the origin of memristive switching. Spectroscopic evidence
for memristive switching based on the charge state of electron traps within
HfO, is found. Electron energy loss spectroscopy and transmission electron
microscopy support the analysis. A device model is proposed that considers
a two-terminal metal-insulator-semiconductor structure in which traps
within the insulator (HfO,/Al,03) modulate the space charge region within
the semiconductor (NbO,) and, thereby, the overall resistance. The experi-
mental findings are in line with impedance spectroscopy data reported in the
companion paper (Marquardt et al). Both works complement one another to
derive a detailed device model, which helps to engineer device performance
and integrate devices into silicon technology.

1. Introduction

Today’s digital computers are based on
a separation of memory and computa-
tion. Thus, data has to be continually
transferred from the memory location to
the location of computing and vice versa
in traditional computing architecture,
leading to high latency and energy con-
sumption.'3l One potential concept to
overcome this so-called von Neumann
bottleneck for certain applications is the
development of neuromorphic computing
architectures, which aim to emulate infor-
mation processing in the human brain.[*”!
In biology, information processing takes
place in huge networks of neurons and
synapses, without physical separation
between computation and memory,®
leading to an impressive performance
in tasks like sensory processing, motor
control, and pattern recognition,® while
at the same time consuming less energy,
orders of magnitude lower than digital

computers require to conduct similar
tasks.[>6.10.11
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Memristive devices are widely investigated as a key element
for neuromorphic computing,>'%"3 and hybrid memristive-
complementary metal-oxide—semiconductor (CMOS) circuits
are examined to extend performance and reduce the energy
consumption of traditional CMOS technology.”™ Among
other applications, memristive devices can be exploited to emu-
late functionalities of biological synapses, such as long-term
potentiation (LTP), long-term depression (LID), spike-timing-
dependent plasticity (STDP), and paired-pulse facilitation
(PPF).[1115-22] Memristive devices are often composed of a
metal-insulator-metal (MIM) structure in which the resistance
can be varied by electrical stimuli, allowing them to be used as
non-volatile memory elements.>132324 Many different physical
mechanisms leading to memristive behavior have been reported
so far.>132426) Among them, devices based on a Schottky bar-
rier height or width modulation*2?’-3%] are interesting candi-
dates for neuromorphic circuits.""?°! These interface-based
memristive devices show gradual, that is, analog switching, and
do not require initial electro-forming.”1>%3| Moreover, arranging
memristive devices in passive crossbar arrays for dense device
integration requires selector devices to prevent parasitic cur-
rent flows when a specific device is addressed,>'%l as recently
reviewed in ref. [37]. Various kinds of selector devices, such
as transistors3®39 or volatile memristive devices,*"l can serve
as selector elements when connected in series with the non-
volatile memristive devices. In this respect, the high current-
voltage (I-V) non-linearity of interface-type memristive devices
allows passive crossbar integration?>#%2 without additional
selector elements.>1%1137 Switching processes are reported to
be caused by a rearrangement of ions or vacancies!?22931-3333 or
by the charging and discharging of electron traps.[*:2830,343643]
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However, spectroscopic evidence for the proposed switching
mechanism is often missing.

Among a multitude of different methods to probe memris-
tive switching,™ transmission electron microscopy (TEM)
together with energy electron loss spectroscopy (EELS),*!
and photoelectron spectroscopy (PES)H® are widely used tech-
niques to study structural, chemical and electronic properties
of the material systems. In particular, X-ray photoelectron spec-
troscopy (XPS)*! and hard X-ray photoelectron spectroscopy
(HAXPES)! allow to probe film compositions, chemical states,
band alignment as well as band bending in buried layers and
their dependence on depth.*48#4] Hard X-rays (>2 keV) from
synchrotron sources with orders of magnitude higher photon
flux compared to laboratory sources provide an information
depth of up to a few 10 nm while simultaneously allowing for
reasonable energy resolution.¥] Furthermore, non-destructive
depth profiling is possible with XPS/HAXPES by collecting
photoelectrons that are ejected with different angles of emis-
sion.*#] Thus, XPS and HAXPES allow in situ and in oper-
ando investigations of memristive switching processes®*>% in
functional devices, where switching takes place within a few
10 nm below the sample surface.

Memristive devices based on metal oxides are often com-
posed of oxide bi- or multi-layers sandwiched between two
metal electrodes.?233424355-621 One oxide serves as an active
switching material, while the other oxides act, for example, as
diffusion barriers,?3>62 as oxygen ion reservoirs,?>5>5% as
rectification layers,[#356:60.6163] or affect the local heat distribu-
tion,P*?! thus significantly improving the device characteristics.
Within this work, an analog switching interface-type memris-
tive device consisting of the layer sequence Nb/NbO,/Al,0;/
HfO,/Au (see Figure 1) is investigated. HfO, is widely inves-
tigated and applied as an active switching layer in memristive
devices!?2:38:394250-56.62.63] due to its CMOS compatibility.[®4
Among other applications, hafnia is used as a gate dielectric
for metal-oxide—semiconductor field-effect transistors (MOS-
FETs),4%1 as charge trapping layer in charge trap flash (CTF)
memory,®® and as an active layer in CMOS-integrated filamen-
tary-type resistive random access memory (RRAM) devices.8:3
On the other hand, Al,O; is reported to serve as a diffusion
barrier for oxygen ionsl>**7%862 which can lead to an enhanced
retention time of interface-type memristive devices, and simul-
taneously suppress an oxygen exchange with adjacent layers.?’!
Alumina is also compatible with CMOS technology.[® Further-
more, stoichiometric Nb,Os is known to be a good insulator,®’]
but oxygen-deficient films are reported to show n-type semi-
conducting behavior.[””.%8] Thus, a NbO, layer can in principle
be used to fabricate rectifying metal-semiconductor (MS) or
metal-insulator-semiconductor (MIS) devices.”%l The inves-
tigated Nb/NbO,/Al,03/HfO,/Au device is based on similar
devices with a NbO, layer instead of HfO,.*%! The Schottky bar-
rier of the NbO,/Au interface was reported to be altered by the
drift of negatively charged oxygen ions, while the probability for
tunneling through the Al,O; is simultaneously affected,®*l as
modeled by a kinetic Monte Carlo simulation,”! and a cloud-
in-a-cell (CIC) schemel”? that also covers the device variability.
Furthermore, the charging and discharging of interface trap
states are also reported as a possible mechanism responsible for
memristive switching.1*l The integration into passive crossbar
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Figure 1. Schematic illustration of the HAXPES measurement setup and
the probed devices: An X-ray beam is directed onto the sample surface.
The kinetic energies of electrons ejected at specific polar angles of emis-
sion ¥ are measured. During HAXPES measurements, the device elec-
trodes are connected to common ground with the analyzer to ensure
charge compensation and to obtain defined electrostatic conditions
within the device. The memristive state can be read out and switched in
the vacuum chamber by connecting a source measurement unit to the
electrodes. When voltages were applied, the beam was never directed
onto the sample.

arraysi*ll and the utilization as artificial synapses in neuromor-
phic networks for pattern recognition tasks have already been
reported for the devices based on NbO, as the active layer.'>*!
Here, the origin of memristive switching in the HfO,-based
devices is investigated by depth-dependent synchrotron-based
HAXPES and synchrotron-based XPS with soft X-rays. Varying
the recorded angle of emission O allowed for non-destructive
depth profiling of chemical and electronic properties. The
measurement setup is schematically illustrated in Figure 1. In
combination with structural data from TEM, chemical informa-
tion from EELS, and current density versus voltage (J-V) char-
acterizations, a model to qualitatively describe the physics of
the interface-based memristive device is proposed in this man-
uscript: A two-terminal MIS structure, in which electron traps
within the insulator modulate the space-charge region within
the semiconductor and, thereby, the Schottky barrier height, is
consistently used to explain the findings from all experiments.
In particular, we identify a causal relationship between the
charge-trapping state of HfO, and the overall device resistance.
Spectroscopic evidence (by XPS/HAXPES) for such a switching
mechanism has not been reported so far. Furthermore, imped-
ance spectroscopy (ImpSpec)”? is exploited by Marquardt et al.
in a companion paper”¥ to probe memristive switching in the
same device. The findings presented in both papers indicate
that the memristive switching can be attributed to a Schottky
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barrier modulation by a charge-trapping mechanism. The
obtained device model is advantageous for both device inte-
gration into silicon technology to exploit the benefits of hybrid
memristive-CMOS neuromorphic circuits and engineering of
device characteristics for specific applications. In this respect,
some design rules for CMOS integration are provided at the
end of this work.

2. Results

2.1. Electrical Characterization

Typical semi-logarithmic current density versus voltage (|J]-V)
characteristics of devices from the reference wafer (see Experi-
mental Section for fabrication and characterization details)
with a top electrode size of 625 um? are presented in Figure 2a.
Here, the mean behavior of ten adjacent devices is depicted in
black, while the characteristics of single devices are drawn in
gray. The inset of Figure 2a shows the mean |J|-V characteris-
tics for low applied voltages (+1.2 V). The hysteresis observed
for small current densities arises from capacitive effects of the
measurement setup since only noise is detected and no mem-
ristive switching takes place. As it is shown in Figure 2a, higher
voltages (+ 3.7 V) induce memristive switching. The diode-like
electrical properties allow for integration into passive crossbar
arrays without requiring additional selector devices.*!l Fur-
thermore, no initial electro-forming or current compliance is
needed to operate the devices and the observed smooth hys-
teresis reveals analog switching. Such analog interface-type
memristive devices can be used for emulating synaptic func-
tionalities, as reported for various devices.!>1192242] In par-
ticular, devices with a similar material stack produced with
the very same processes but containing a sputtered NbO, layer
instead of HfO,/*¥ show similar electrical characteristics. The
possibility of using these NbO,-based devices for the emulation
of synaptic functionalities has been shown experimentally on
both the device levell®! and the network level.!

The area-dependent current transport is shown in Figure 2b.
Here, the resistance mean value and standard deviation of
ten neighboring devices per area for a bias voltage of 1.2 V
are depicted. The resistance scales linearly with the area of
the device in the high resistance state (HRS) and in a low
resistance state (LRS). Thus, homogeneous current trans-
port through the whole device area is indicated for both HRS
and LRS.

The relaxation of the LRS toward higher resistances is
shown in Figure 2c as red circles. The device is set to an LRS
by applying a positive voltage sweep with V., = 3.7 V and the
device resistance R is read out with 0.5 V voltage pulses of 4 s
length after the set sweep, and with delay times of 300 (next
12 pulses), and 1800 s (all further pulses). R is further divided
by the initial resistance R, which is determined as the mean
of ten consecutive read out pulses prior to switch the device.
The resistance increases with time so that it approaches R,
in =25.5 h and does not increase further in the next 13 h. The
relaxation process can be fitted with a power law of the form
«t% as reported for other memristive devices,?>3%3334 a5 well
as for describing charge trapping under bias in Hf0,.”l In
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Figure 2. a) |/|-V characteristics showing memristive switching of ten individual devices (gray) and their mean value (black). The inset shows a mean
JJ|-V curve for lower voltages that do not induce memristive switching. b) Area dependency of the resistances in HRS (black squares) and LRS (red
dots) for 1.2 V bias. Mean values and standard deviations of ten devices for each contact area are depicted. c) Retention time of the LRS (red circles)
and HRS (black squares). The resistance evolution of a devices read out with 0.5 V is shown. A fit to the LRS data with a e<t* power law is further given
as solid blue line. (a—c) Voltages are always applied to the Au top electrodes, while the Nb bottom electrodes are grounded.

particular, a power law with o = 0.46 fits well the LRS reten-
tion characteristics. An o between 0.18 and 0.57 is reported
for similar devices,?>3%3334 while filamentary devices based
on HfO, show a much longer retention time with o = 0.02.22
After measuring the relaxation process of the LRS resistance,
the device is switched to an even higher resistance by applying
a negative voltage sweep with V,;, =—3.7 V, and the resistance
is read out with the same procedure as the LRS resistance. No
distinct trend can be observed in the resistance evolution but
a drift toward R, is expected on a longer time scale, since the
resistance evolution of the LRS does not reveal a further drift
toward the HRS resistance. The origin of the rather strong fluc-
tuations in the HRS resistance evolution is unknown and needs
to be further investigated in the future. It should be emphasized
that the HRS resistance is rather close to the initial resistance
(Rurs = 3 X Ry) while most of the switching window can be
attributed to the difference between the initial resistance and
the LRS (Rygs = 0.01 X Ry). A much longer retention time of typ-
ically more than 10 years is needed for memory applications,”®!
but shorter retention times are expected to be beneficial for
certain neuromorphic applications. In particular, processing
real-world data with spiking neural networks (SNNs) requires
not only non-volatile memory elements but also volatile mem-
ristive devices with times-scales in the order of the time-scales
of the data.' One example is reported by Park et al., who uti-
lize volatile analog memristive devices as short-term memory
in leaky-integrate-and-fire (LIF) neurons to process sequential
data.”! However, a long retention time is needed for inference
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in a pattern recognition task.”®’% Thus, the retention time of
the here reported devices has to be enhanced for this applica-
tion. Nevertheless, the training of pattern recognition networks
can be done with memristive devices with moderate retention
times, 879 as already shown with interface-type memristive
devices.[*ll

Table 1 further provides a comparison between the devices
presented here and those previously reported in literature with
similar metal-oxide-based interface-type devices.?323342771 e
consider devices that comprise an area-dependent resistance in
both HRS and LRS, and that require no external current compli-
ance during switching. The first column of Table 1 shows the
devices’ material stacks. The electrical parameters extracted from
the current-voltage hysteresis curves are the switching window
AR = Ryips/Ryrs measured with a typical read-out voltage Vie.q,
the highest positive and lowest negative voltage used to record the
evaluated hysteresis curves (Vg 1rs and Vg, yrs), the maximum
absolute value of the current density flowing during switching
Usw, max| (i-€., during switching to LRS for all compared devices,
thus sy, max] = Jsw, Lrs, max)> the ratios AJg, of the maximum abso-
lute value of the current densities flowing during switching to
LRS |Jsw, 1rs, max] and HRS |Jsy HRrs, may, and the absolute value of
the current density flowing during read-out the HRS |/;eaq. Hrs|-
Furthermore, the retention characteristics at room temperature
are compared in two ways. The next to last column provides AR,
measured after a certain time has elapsed since switching. The
last column contains the coefficient o of the «<t* power law used
for fitting the relaxation kinetics (if available).
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Material stack AR Vew Vsw, max| Ny [read, Hrs| Retention

at Viead \ [Aum™] [Aum?] Pl
Nb/NbO,/Al,05/HfO,/Au 100 +37 7%107° 12 000 4x107 AR =1 after 10° s 0.46
(This work) at1.2Vv
Nb/NbO,/Al,05/NbO,/Au 500 +3/-2 2x107 142 000 4x107 AR =40 after 1.5 h 0.18
(ref. [33, 80]) at0.5V (AR =12 after 10 5)®
Al/Nb:SrTiOs/Pt 25 000 +2/-6 5x107° 6 2x107" - 0.36
(ref. [30]) at0.1Vv
Pt/BiFeO;/Au 6400 +8 2x10°° 340 2x107™ AR = 600 after 24 h -
(ref. [32]) at2.0V (AR = 600 after 10 y)®
Ti/HfO,/Al,O;/Pt 80 +2 6x1077 51000 1x107" AR constant for 600 s -
(ref. [42]) at0.7 Vv
TiN/TiO,/TiO,/Pt 800 +4/-3 7x107° 84000 3x107° AR =1 after<1s -
(ref. [77]) at1.0Vv

3coefficient of the o<t power law; P)projected values.

2.2. Transmission Electron Microscopy and Electron Energy
Loss Spectroscopy

Figure 3a shows a spectral image of a device cross-sec-
tion recorded with a scanning transmission electron
microscope (STEM). Total NbO, and HfO, thicknesses of
davo, =5nm 2 nm and dyp, =4.5nm 0.4 nm are deter-
mined, respectively. The NbO,/Al,O; interface is rough rela-
tive to the film size, leading to local Al,0O5 thickness variations
between =2 and 7 nm. Such roughness is also observed in Nb/
Al-based tunnel junctions.®># All other interfaces are smooth
due to the planning effect of Al on Nb.>8¢ In a high-resolution
(HR) STEM image (see Figure S1, Supporting Information), the
HfO, appears to be polycrystalline, while Al,0; and NbO, are
amorphous. It should be noted that HRTEM measurements
of similar functional devices show amorphous HfO, (data not
shown). Thus, it is expected that the crystalline state is not cru-
cial for memristive switching.

EELS data of the entire layer sequence are shown in
Figure 3b, Supporting Information. Here, a line scan of the
O-K edge with a vertical step size of 175 nm is depicted.
The whole HfO, and Al,0; appear fully oxidized, and the Nb
bottom electrode is also oxidized at the interface to Al,Oj;, as
previously reported for similar devices.B% The spectra of the
O-K edges indicate stoichiometric HfO, and Al,O3, as shown
when compared to reference spectra.B182 Moreover, an excess
of oxygen may be indicated in the center of the Al,O; layer by
the pre-peak of the Al,Oj-related O-K spectra in Figure 3b,
Supporting Information. The O, seems to be molecular®#! or
incorporated as peroxide groups,®® that is, O—O bonds since
both can produce the observed pre-peak. We, therefore, inter-
pret this pre-peak as an excess of oxygen. It should be noted
that the pre-peak is not stable within the electron beam, as
shown in Figure S2, Supporting Information. Moreover, at the
same position in the alumina layer, incorporated Ar is found
by EELS (see Figure S3, Supporting Information) and energy-
dispersive X-ray spectroscopy (data not shown). Since devices
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without an Al,0; layer show similar memristive switching, as
shown in Section 3.1, the elements incorporated into alumina
are expected to be not crucial for memristive switching. How-
ever, these defects could potentially decrease the overall elec-
trical resistance of the Al,O; layer. The electron energy-loss
near-edge structure (ELNES) of NbO, close to the Al,0; inter-
face can be attributed to a mixture of Nb,Os and NbO, since
fingerprints of both reference spectra can be found.l””) More-
over, the intensity of the O-K edge decreases with an increasing
distance to Al,0O3, suggesting a continuously decreasing oxygen
content in the NbO,. Note that the ELNES of the NbO,, after
the O-K pre-peak has vanished (due to electron irradiation) and
now resembles more Nb,Os, which could suggest an in situ oxi-
dation of the ND electrode induced by the electron beam. The
low-loss region of the hafnia layer is further analyzed. The cor-
responding spectra are shown in Figure 3c, together with refer-
ence spectra.®®l Despite the broad peak at 34 eV, due to a collec-
tive excitation,® the HfO, spectra show distinct peaks charac-
teristic for the monoclinic structure. The intense plasmon peak
at 23 eV, which is sensitive to the oxygen concentration,®*°
indicates stoichiometric rather than substoichiometric hafnia.
Figure S3, Supporting Information shows the evolution of the
low-loss regime within the HfO, layer. The intensity differences
of the plasmon peaks might be due to an oxygen gradient®! or
result from the overlapping low-loss regime of Au and Al,O;.
These cases cannot be distinguished due to the very small
dimensions and the roughness of the films. Figure 3d depicts
the Al Ly; edge measured from the Al,O;, which matches well
the ELNES of stoichiometric Al,0;.34 For comparison, the L,;
edge of metallic aluminum is shown, depicting an onset at 4 eV
lower energies and a different ELNES than Al,Os.

2.3. X-Ray Photoelectron Spectroscopy
XPS and HAXPES measurements were performed at the syn-

chrotron radiation facility PETRA III of DESY (Hamburg,
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Figure 3. a) STEM recording of a focused ion beam cross section extracted from a functional device in HRS. The black arrow shows where the line
scan in (b) was constructed from. In particular, all EELS data related to the pixels of two horizontal lines in (a) are combined as one spectral line in
(b). b) EELS line scan of the O-K edge across the whole device stack extracted with a stepsize of 1.75 nm (gray solid lines) together with reference
spectra for HfO,, amorphous Al,03,82 Nb,O5,[®”) and NbO,.l7) ¢) EELS low loss region of HfO, (black solid line: mean value of 36 measurements
on adjacent positions, which are shown as gray solid lines) together with reference spectra.l®3 d) EELS Al Ly; of Al,O; (black solid line: mean value of
36 measurements on adjacent positions, which are shown as gray solid lines) together with reference spectra for alumina and metallic aluminum.[®4

Germany) by employing the experimental photoemission
endstation ASPHERE III (beamline P04P?) and the HAXPES
endstation at beamline P22, respectively. Details on energy
referencing, peak fitting, and in situ electrical characterization
can be found in Experimental Section, together with the sample
design enabling PES on functional memristive devices (see
also Figure S4, Supporting Information). The fabrication of the
devices is also described in detail in Experimental Section.

2.3.1. Soft X-Ray Photoelectron Spectroscopy

A memristive device with a 6 nm thin Au top electrode is
switched in situ from a high resistance state (HRS1) to a
low resistance state (LRS) and back to a high resistance state
(HRS2). Au 4f and Hf 4f core-level spectra for all resistance
states are measured. A typical Au 4f spectrum is shown in
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Figure S5, Supporting Information together with a |J|-V curve
measured in situ, which indicates memristive switching. The
Hf 4f spectra mainly stem from the Au/HfO, interface due to an
inelastic mean free path A of the Hf 4felectrons in Au of 1.8 nm
estimated using the TPP-2M formula with the parameters pro-
vided in ref. [94]. Since =95% of the signal intensity originates
within 3,1 only the HfO, near the Au interface can be probed.
The Hf 4f spectra are shown in Figure 4. Here, a linear function
models most accurately the background (gray solid lines). Full
width at half maximum (FWHM) values of the doublet features
of 1.20, 1.19, and 1.18 eV for HRS1, LRS, and HRS2, respec-
tively, are obtained by fitting, while the Gaussian contribution
dominates the Pseudo-Voigt function. Hf 4f;, binding energies
(BEs) of 16.44 + 0.01, 16.56 % 0.01, and 16.45 + 0.01 eV are meas-
ured for HRS1, LRS, and HRS2, respectively. The errors denote
the standard deviation of the BE determined by the peak fitting
algorithm. Thus, switching the devices from HRS to LRS and
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Figure 4. Measured Hf 4f spectra (black dots) in HRS1, LRS1, and HRS2,
together with fitted peaks (red solid lines) and linear backgrounds (gray
solid lines). The dashed green line indicates the shift of the Hf 4f;,
position in the different memristive states. Resistances measured with
0.8 V and determined BEs for Hf 4f;, are also given in black and green,
respectively.

back again leads to BE shifts of 110 £ 10 meV, with a higher BE
for LRS. The difference between HRS1 and HRS2 being within
the error margins shows that the core-level switches back to
its initial BE. All peaks can be attributed to Hf* * species in
HfO, with reported BEs between 16.3 and 18.5 eV8>1-55,96-100]
dependent on, for example, the band alignment with adjacent
layers or the amount of charges within HfO, or adjacent layers.
No additional spectral features attributed to sub-stoichiometric
HfO, can be seen, which appear at lower BEs corresponding
to metallic Hf with a shift of 2.6-3.8 eV,P>396.97 and to haf-
nium sub-oxide with smaller shifts.?2->*96.97101l A5 such a signal
is linked to filamentary-switchingl®'~>4 with an oxygen vacancy
concentration of typically 102! cm=3,1%2] this shows that the
oxygen vacancy concentration in our devices is lower than in
filamentary-based devices. This is in agreement with the EELS
data indicating stoichiometric HfO,. Also, additional spectral
shape changes commonly observed in the case of chemical
changes>>1%U are absent from our spectra. Note that quantita-
tive analyses of the material composition using XPS can lead
to an error of less than 5% under best experimental conditions,
while relative changes in the composition of less than 1% can
be detected,'%] which defines the resolution of XPS. Moreover,
while BEs shift of the order of +100 meV, similar to these
observed here between HRS and LRS, can be attributed to an
additional amount of oxygen vacancies,® the hypothesis of
such a chemical change can be excluded for the devices studied
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here (even though the signal-to-noise ratio of the presented
Hf 4f peaks is low) as the positive bias applied to the Au top
electrode cannot lead to an accumulation of (positively charged)
oxygen vacancies near the Au interface. Hence, the BE shift
toward higher energies in LRS can be attributed to an increased
electrostatic potential near the Au interface, the origin of which
is discussed in Section 3.2.

Finally, no defects caused by the X-ray radiation during XPS
measurement are observed since no radiation-time dependent
spectral shifts or additional spectral features, similar to those
reported for in operando measurements on ferroelectric
Pb(Mg;/3Nby;3)07,Tig 1505 (PMN-PT) % are detected here.

2.3.2. Depth-Dependent Hard X-Ray Photoelectron Spectroscopy

Non-destructive depth profiling was done via HAXPES on
a memristive device with a 13 nm thin Au top electrode. The
measured angle of emission O was varied (see Figure 1),
leading to the highest information depth for small angles. All
HAXPES spectra of Au 4f, Hf 3ds,, and Al 1s were recorded for
three different ¥ and two different resistance states (HRS and
LRS) switched in situ. The depth-dependent measurements
are called “surface sensitive” (O = 15°), “sub-surface sensitive”
(9 = 41.4°), and “bulk sensitive” (¥ = 60°) throughout this work.
Since the Au top electrode is relatively thick (13 nm), the signal-
to-noise ratio of Hf 3ds,, and Al 1s decreases significantly with
increasing surface sensitivity (i.e., increasing detection angles).
The HAXPES recording of spectra with a good signal-to-noise
ratio required approximately between 1 and 3 h. Since the LRS
significantly relaxes toward the HRS within several hours (see.
Figure 2c), the measurement time had to be constant (=1 h)
to ensure that all measurements reflect the same memristive
state. Hence, spectra for 41.4° (sub-surface sensitive) and 60°
(surface sensitive) were measured two and three times, respec-
tively, and were merged afterward to enhance the signal-to-noise
ratio, while the memristive state was refreshed in between (see
Experimental Section and Figure S6a, Supporting Information).
No Al spectra were evaluated for 60°, and no NbO, spectra
were measured for any ¥ due to the limited information depth
of HAXPES. Furthermore, no radiation-induced defects were
observed in the HAXPES spectra.

A typical Au 4f spectrum is shown in Figure S6b, Supporting
Information. Figures S7 and S8, Supporting Information show
the raw spectra and the determined backgrounds for Hf 3ds, in
HRS and LRS, respectively. The raw Al 1s spectra for HRS and
LRS are shown in Figures S9 and S10, Supporting Information,
respectively. The merged Hf 3ds;, and Al 1s spectra, together
with the peak fits, can be found in Figures 5a and 5b for Hf 3ds ,
and Al 1s, respectively, for both HRS and LRS. All spectra show
single peaks. The BE and FWHM of the resulting fits are shown
in Figure 5c for merged Hf 3ds), and Al 1s, respectively, in both
HRS and LRS. Error bars denote standard deviations, which are
determined by the fitting algorithm. All fitting parameters can
be found in Table S11, Supporting Information.

The Hf 3ds,, core-level is first investigated in HRS as a func-
tion of the angle of emission, revealing BEs between 1662.08
and 1662.28 eV, which can be attributed to Hf**.B1100105] Again,
no indication of metallic Hf, and therefore no indication for
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Figure 5. Merged and background-subtracted a) Hf 3ds;, and b) Al 1s spectra in HRS (black dots) and LRS (gray squares). Fits of HRS (red solid lines)
and LRS (blue solid lines) spectra are also shown. Green vertical dashed lines indicate the peak position in HRS for the bulk sensitive measurements
at & =15° c) BE and FWHM of Hf 3ds,; and Al 1s as a function of the memristive state and depth (emission angle). Error bars denote the standard

deviations, which are determined by the fitting algorithm.

a significant amount of vacancies is detectable. In contrast,
filamentary-type Hf,Al;_,O, memristive devices show a peak
feature at 1660.6 eV."Y Furthermore, the BE increases at larger
angles of emission, that is, closer to the Au interface. At the
same time, the FWHM does not vary significantly between
the sub-surface sensitive and the bulk sensitive measurement.
The spectral shape also does not vary, and a chemical difference
being responsible for the BE gradient can be excluded.>'!
Hence, a variation in the electrostatic potential is deduced to
be accountable for the BE variation.[*#) Since the bulk sensi-
tive spectrum is very noisy, the higher FWHM should not be
attributed to a chemical change (see Table S11, Supporting
Information).

For Al 1s in HRS, BEs of 1561.77 and 1561.95 eV are extracted
for the bulk sensitive and the sub-surface sensitive measure-
ment, respectively, indicative of Al,0; since BEs for alumina
(AI**) are reported between 1562.6 and 1563 eV.%01%7] No fea-
tures of metallic Al are present, which are reported between
1559.6 and 1559.8 eV.17198] A similar BE gradient as detected in
HfO, is visible, suggesting a decreasing electrostatic potential
with increasing distance to hafnia. It should again be noted that
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the noise significantly impacts the peak form of the sub-sur-
face sensitive Al 1s spectrum at 41.4° (see Table S11, Supporting
Information).

Next, Hf 3ds, peaks are evaluated in the LRS. Again, no
metallic Hf feature is present (see Figure 5a). BEs shift to
higher energies by =120 and 70 meV for bulk sensitive and
sub-surface sensitive measurements, respectively, as shown
in Figure 5c. No significant BE shift can be measured for the
surface sensitive spectrum. However, the standard deviations
for both HRS and LRS are larger than 70 meV for the surface
sensitive measurements so that any BE shift below this value
cannot be reliably resolved. Nevertheless, an obvious trend is
visible toward higher BE in LRS, with the most pronounced
shift near Al;O;. The FWHM for bulk sensitive and sub-
surface sensitive measurements do not change, and no addi-
tional peak features appear (Figure S12a, Supporting Informa-
tion). Thus, no electrical bias-induced chemical change can be
detected.>>1%U The shifted BE is hence attributed to a change in
the electrostatic potential within hafnia toward a higher poten-
tial in LRS. No additional peak features are present for Al 1s as
well (see Figures 5b and S12b, Supporting Information). Here,
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for 15° (bulk sensitive) and 41.4° (sub-surface sensitive), the BEs
shift in opposite directions (see Figure 5c). Near HfO,, the BE
shifts by —40 meV (41.4°), and deeper in Al,Os, the BE shifts
by +40 meV (15°). However, the BE difference between HRS
and LRS for 41.4° (near HfO,) is within one standard deviation
of the uncertainty of the fit. The peak width is getting smaller
in LRS (=0.1 eV) for the bulk sensitive spectrum. The peak
shape of the sub-surface sensitive measurement is not evalu-
ated as explained above. Altogether, the BE variation in alumina
can be ascribed to a variation in the electrostatic potential. In
particular, the potential decreases at the HfO, interface and
increases further inside in LRS.

3. Discussion

3.1. Current Transport Mechanism

The |J|-V curves (Figure 2a) show a high non-linearity and a
rectification of several orders of magnitude. This can be attrib-
uted to a Schottky-like contact which can form due to a direct
metal/semiconductor contact but can also be established with
a thin oxide layer between metal and semiconductor.[®*”l In
particular, a Pt/HfO,(5 nm)/n-GaAs Schottky diode has already
been reported.'% According to literature, current transport in
the devices under study can thus be attributed to thermionic
emission®701% for low applied voltages (but above a mem-
ristive state-dependent threshold) in combination with an
intrinsic current compliance dominant for high voltages (see
Section S13, Supporting Information for a more detailed expla-
nation), as also reported for similar devices.’¥l A positively
charged space charge region (SCR) within an n-type semicon-
ductor is consistent with the positive forward bias on the high
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work function Au top electrode. Thus, the electrostatic poten-
tial in the semiconductor increases with the distance to Au. In
contrast, the potential within HfO, and Al,O; decreases with
distance to the gold electrode for both memristive states, as
revealed by HAXPES non-destructive depth profiling. There-
fore, the NbO, at the interface to Al,05 is most probably respon-
sible for the rectifying properties leading to a two-terminal MIS
structure with a bilayer HfO,/Al,O; insulator. While stoichio-
metric Nb,Os is known to be a good insulator,[”] it is reported
that even a small reduction leads to an n-type semiconducting
behavior.”:%8] Since EELS data indicate a mixture of Nb,Os
and NbO, with an oxygen gradient, semiconducting NbO,, can
be expected.

Further information on the effect of the single mate-
rial layers on the device functionality can be obtained by
exchanging or omitting some of the layers and comparing the
|-V characteristics with those of the reference devices. To this
end, three additional device compositions were investigated
(see Experimental Section for fabrication details). The corre-
sponding |J|-V curves measured on devices with a top electrode
size of 625 um? are shown in Figure 6, where the insets show
the respective material stack. Figure 6a displays the same data
as shown in Figure 2a for a better comparison to the character-
istics of the other devices. The |J|-V switching characteristics
of ten individual devices and the corresponding mean curve
is shown, together with the mean read-out characteristics.
Figure 6b depicts the |J|-V characteristics of ten devices having
a Hf bottom electrode instead of Nb. The Hf should be oxidized
at the interface to Al,O;, similar to the NDb electrode. A signifi-
cantly different performance is revealed compared to the ref-
erence devices in Figure 6a. For instance, a significant current
can only be measured for positive voltages higher than 4.5 V
when applying voltage sweeps with +5 V amplitude. Moreover,
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Figure 6. a) |J|-V characteristic of reference devices and b—d) devices with different material stacks. The respective material stacks are shown as insets.
Each black and red solid line shows the mean |J|-V data of ten individual devices.
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no analog memristive switching is observed even at higher
voltages. However, a few devices show a threshold switching
behavior"'”) when the positive bias is increased up to 6 V (see
green solid line and blue dashed line). Note that this behavior
differs strongly for different adjacent devices and is not well
reproducible. Thus, replacing the Nb bottom electrode with
Hf drastically changes the devices' |J|-V characteristics and
the memristive switching process. This demonstrates the rel-
evance of the bottom electrode on the device characteristics.
Figure 6¢ shows |J|-V characteristics of ten devices without any
Al,O;. Here, the qualitative behavior is the same as for the ref-
erence devices, that is, diode-like current transport and analog
memristive switching for voltages above a certain threshold.
However, the devices do not allow to apply voltages with an
absolute value as high as the other device types, especially for
negative bias. Therefore, V., = 3.3 V and V,;, = -1.5 V are
used to induce memristive switching. This clearly shows that
memristive switching in the reported devices does not rely on
the Al,O; layer. However, the Al,O; leads to less degradation
of device performance over time (not shown) and significantly
increases the retention time in similar devices.**l The |J|-V
curves of ten device with an additional 2.5 nm thin Al,O5 layer
between HfO, and Au can be found in Figure 6d. The lower
Al,O3 and the HfO, layer are thinner so that the overall oxide
thickness increases by =1 nm. The Nb bottom electrode is most
probably oxidized again. These devices show qualitatively the
same behavior as the other devices with Nb bottom electrodes.
Thus, a device with an Au/Al,O; interface leads to similar per-
formance as a device with an Au/HfO, interface. The overall
resistance, however, is increased compared to the reference
devices and the device variability for positive and negative bias
is significantly larger. For switching sweeps, voltage amplitudes
of Vipox = 3.7V and V,,;, = —4 V are used.

We can conclude that current transport is dominated by the
SCR within NbO, while the HfO,/Al,O; double oxide layer acts
as intrinsic current compliance. This is found by the tremen-
dous change in the electrical characteristics when replacing
the Nb bottom electrode with a Hf bottom electrode. It further
agrees with the missing positively charged SCR in hafnia and
alumina, as revealed by the depth-dependent HAXPES meas-
urements, and with the composition of the NbO,, as deter-
mined by EELS.

3.2. Memristive Switching Mechanism

The XPS and HAXPES spectra reflect the memristive switching
mechanism in the following way. A net potential increase
in HfO, is shown by a combination of the Hf 3ds/, data (see
Figure 5c¢) and the Hf 4f spectra (see Figure 4). In particular,
Hf 3ds/, spectra reveal a higher potential increase at ¥ = 15°
and thus near the Al,O; interface than at the sub-surface sensi-
tive measurements (0 = 41.4°). The measured signals are too
noisy to distinguish a potential peak shift for surface sensitive
measurements (near the Au interface). The Hf 4f spectra, which
stem from the Au/HfO, interface, indicate a potential increase
near the Au interface as well. Movement of negatively charged
oxygen ions or positively charged oxygen vacancies within
hafnia would lead to an increased potential at one interface
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together with a decreased potential at the opposite interface.
Moreover, the exchange of negatively charged oxygen ions
between HfO, and Al,O; can also be excluded since the posi-
tive voltage applied to Au to switch to LRS would attract these
ions, and the hafnia would charge negatively. Furthermore, pos-
itively charged oxygen vacancies cannot enter HfO, from Al,0,
when switching to LRS since the electric field under positive
bias repels them. Thus, ion movement can be excluded with
high probability.

Here, we suggest charging and discharging of localized
traps within the HfO, layer or at the HfO,/Al,O; interface as
an alternative switching mechanism. Probable candidates for
these traps are oxygen vacancies. Simulations using a hybrid
density functional suggest that these vacancies are singly posi-
tively charged (i.e., one electron is trapped) or neutrally charged
(i-e., two electrons are trapped) if the Fermi level is located
between 3.7 and 4 eV or 4 and 5.5 eV above the HfO, valence
band maximum (VBM), respectively.!!!) The theoretical barrier
height®®7% between HfO, and Au is 3.1 eV with an Au work
function of 5.3 eV and a HfO, electron affinity of 2.2 eV’
leading to a Fermi level position of 2.6 eV above the VBM when
considering a band gap of 5.7 eV.’”) However, the actual bar-
rier can deviate strongly (toward lower effective barriers) from
these theoretical values, %70 and this can be expected for the
multi-layer device structure here. Thus, neutral or singly posi-
tively charged vacancies in thermodynamic equilibrium are
reasonable since a lower effective barrier leads to an increased
Fermi level with respect to the VBM. Applying a positive poten-
tial to Au can lead to a positive charging of the vacancies since
electrons can be ejected.l?#3%#] This agrees with the BE shifts
toward higher energies in LRS. Moreover, additional positive
charges within the HfO, layer influence the potential drop
across the Al,O; layer as well. Here, negative image charges
may lead to the decreased potential at the HfO,/Al,03 in LRS
and thus to the decreased potential drop across alumina as indi-
cated by the depth- and state-dependent BEs of the Al 1s spectra
(see Figure 5c). The decreasing FWHM of Al 1s spectra are
consistent with a decreasing voltage drop across this layer (see
Figure 5c) since the width of photoelectron spectra can increase
due to an increased voltage drop across the probed layer.[00103]
No significant changes in the FWHM of Hf 3ds, and Hf 4f are
found. However, a potential of 0.9 V across HfO, is estimated
to lead to a Hf 3ds, spectral broadening of 0.1 eV in ref. [100].
Thus, the smaller change in the potential in the HfO, layer
cannot be detected through a change in FWHM within the
standard deviation of the determined peak width.

The potential variation is used to estimate the amount of
charges involved in switching, as shown in detail in Section
S14, Supporting Information. Two scenarios are considered,
that is, uniformly distributed bulk charges and charges located
at the HfO,/Al,0; interface, in agreement with ref. [30]. A
bulk charge density of Ny = 1.6 x 10" cm™, and an interface
charge density of N; = 4.7 X102 cm™2 are estimated. It should
be noted that the estimated charges are not the maximum
amount of charges involved in switching for two reasons.
First, recording a single Hf 3ds, spectrum takes about 19 min,
during which the respective energy range is scanned six times,
and the single sweeps are then combined into a single spec-
trum. In this time span, a relaxation toward HRS takes place
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(see Figure 2c). Thus, the determined BE shift between HRS
and LRS reflects the mean potential difference within this time
frame. Second, the BE shift at the bulk sensitive measurements
(15°) is used to estimate the potential increase at the hafnia/alu-
mina interface. Yet, the real potential increase is higher since
the photoelectron spectra for 15° angle of emission include
contributions from all parts of the HfO, layer. The potential
only linearly contributes to the estimated charge densities (see
Equations (S14.2) and (S14.4), Supporting Information). Thus,
the order of magnitude calculated for both densities does only
change if the actual potential increase deviates from the esti-
mated increase by one order of magnitude, which is not to be
expected. Since the oxygen vacancy density in physical vapor
deposition (PVD) processed HfO, is reported to be in the order
of 10" cm=3,3 the estimated value of Ny is reasonable. More-
over, this vacancy density is too small to be detected by photo-
electron spectroscopy, which allows for finding differences in
the material composition down to = 1% .93 This explains why
no fingerprints of oxygen vacancies can be found in the spectra.
The estimated value of Nj is also reasonable since charge den-
sities of up to 78 x 10" cm™? at a HfO,/GaN interface are
reported." Thus, bulk charges in HfO,, interface charges at
the alumina interface, or a combination of both can explain the
potential variation.

In addition, filamentary switching is likely to be suppressed
in the reported devices due to the low amount of vacancies
compared to other devices showing filamentary switching
together with spectral fingerprints of oxygen vacancies.l>54
In this respect, first principles-based simulations reveal that for
efficient nucleation and growth of oxygen-deficient filaments
in HfO, an x in the range of 1.50-1.75 is optimal.™! This is
experimentally supported by Park et al.,*2l who show a fila-
mentary-type switching for x = 1.80 and an area-type switching
process for x = 1.98. HfO, films, which are stoichiometric after
deposition, can also lead to filamentary switching if an initial
electro-forming step reduces the HfO, locally.’” This is avoided
in our devices by using a noble metal top electrode and an
Al,O; film acting as a diffusion barrier for oxygen ionsl***l as
adjacent layers.

In summary, the memristive switching in the devices under
study can be directly correlated with the electrostatic potential
within HfO, and, thus, with the charge state of electron traps
which are most probably oxygen vacancies. Indeed, HfO, is
widely investigated as charge trapping layer in CTF memory.[%¢!
Here, trapped charges are assumed to modulate the conduction
channel in MOSFETs. Moreover, memristive devices based on
charging and discharging of traps within HfO, have already
been reported*>>%%3 without spectroscopic evidence. The
influence of the potential variation on the device resistance is
explained in the next section.

3.3. Device Model

A schematic band diagram of the qualitative device model
can be found in Figure 7. A band diagram is used to visualize
the involved potential profiles and barriers. The widths of the
layers are drawn to scale, while the band alignment and the
amount of band bending are drawn qualitatively. The current
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Figure 7. Band diagram of the device model in a) HRS and b) LRS. Only
the additional positive charges in LRS arising from electron de-trapping
are schematically indicated.

transport is dominated by the SCR within NbO, while hafnia
and alumina act as intrinsic current compliance. The current
through the dielectrics can be assumed to be assisted by defects
so that a significantly high current can flow even for =6.5 nm
insulators. In particular, the current through Al,O; can be
assumed to be dominated by the thinnest parts (=2 nm) of the
layer (see the width of alumina relative to hafnia in Figure 7).
The total charge distribution within the multi-layer stack is
unknown. The HfO, and Al,0; bands are drawn linearly in
HRS in Figure7a for simplicity but can have a more complex
shape. The upward band bending in the dielectrics is indicated
by the HAXPES data, while the downward band bending in
the semiconducting NbO, is extracted from the forward bias
of the diode-like characteristics. A significant amount of nega-
tive charges at the Al,03/NbO, interface is deduced to account
for the band profile. Additional positive charges in the hafnia
layer and at the HfO,/Al, 05 interface in LRS, as qualitatively
indicated in Figure 7b, are attributed to electron de-trapping
from neutral or singly positively charged oxygen vacancies.
Bulk traps, interface traps, or a combination of both can explain
the switching.

The additional positive charges in the HfO, layer in LRS
influence the charge distribution within the buried NbO, such
that the built-in potential decreases. This is similar to HfO,/
SiO,/Si gate stacks, in which positive charges within HfO,
lead to a decreased upward band bending within silicon.[!®!
Furthermore, positive charges within interfacial oxide layers
in metal/semiconductor Schottky contacts are also reported to
decrease the upward band bending.”” Thus, the effective bar-
rier height and, thereby, the overall device resistance decrease
due to positive charging of electron traps in HfO,. Switching
the device back to HRS results in the initial charge distribution
and, thereby, in the initial resistance. The proposed model can
also explain the different current fluctuations for positive and
negative bias (see Figure 2a and 6a). The devices are initially
in the HRS, and the voltage is swept in positive direction first.
For low voltages, the current transport is dominated by ther-
mionic emission, and no memristive switching takes place. An
intrinsic current compliance becomes dominant for voltages
high enough to induce memristive switching (see Section S13,
Supporting Information). The current density shows low fluctu-
ations for both low and high positive voltages. When the voltage
is swept back to 0 V, the device resistance relaxes toward HRS,
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even without applied bias (see Figure 2c). Thus, switching
toward HRS takes place for all negative biases. The electron
trapping can be expected to cause the observed noise for nega-
tive bias.'"] This effect is probably only visible for switching to
HRS because the current density during switching to LRS is
orders of magnitude higher. Besides, an additional higher varia-
bility for negative bias can potentially be explained by the inho-
mogeneous Al,Oj; layer (see Section 2.2) if the current transport
for negative bias is restricted by the alumina. Moreover, the pro-
posed model does also explain why the device with Hf bottom
electrode does not show interface-type memristive switching
(see Figure 6b). In contrast to the NbO,, no SCR exists in the
HfO, below alumina. Thus, a variation in the charge distribu-
tion in HfO, does not impact the current transport as signifi-
cantly as for the reference device since no SCR is modulated.

It is further estimated that the NbO, cannot completely
screen the built-in potential due to its thickness of d,, =5nm
. For an estimate, the standard formula for the Debye length Ap
is used®®18] (see Equation (S15.1) and Section S15, Supporting
Information). The relative permittivity of NbO, is assumed to be
between 10 (NbO,) and 41 (Nb,05).1®! Thus, 63% of the built-in
potential can be screened in NbO,, (i.e., Ap = dypo,) if the doping
concentration is between 2.9 X 107 and 1.2 x 10'® cm™. These
are reasonable doping concentrations since concentrations of
up to 6 x 10" cm™ for Nb,Os_, are reported.®®%] However, a
complete screening can be expected for =104, = dyyo,, as is the
case for GaAs.[%] This requires a doping concentration between
2.9 x 10" and 1.2 x 10?° cm™. Since an increase in charge den-
sity in the order of 10" cm™ in HfO, (with dy, = dyo,) is esti-
mated to have a significant impact on the charge distribution
within NbO,, such a doping concentration is unlikely in the
reported devices, and part of the built-in potential should drop
in the Nb bottom electrode. Moreover, in the latter case, ~95%
of the built-in potential would be screened within 1.5 nm, and
thus direct tunneling is expected to have a significant impact
on current transport so that no diode-like behavior would occur.
More details about these calculated results can be found in
Section S15, Supporting Information.

In summary, the experimental findings consistently indicate
that our devices consist of a two-terminal MIS-like structure in
which electron traps within the insulator modulate the space-
charge region of the semiconductor and, thereby, the overall
device resistance. This is consistent with the results of ImpSpec
conducted on the reference devices, performed by Marquardt
et al. and reported in the companion paper.”¥ Here, the kinetics
of the set process and of the retention imply charging of traps
rather than ion movement. Furthermore, quantitative model
parameters describing current transport in HRS and LRS and
switching dynamics are given. In particular, current transport
is described by thermionic emission with an effective bar-
rier height of 0.84 and 0.675 eV, as well as an ideality factor of
3.71 and 4.9 in HRS and LRS, respectively. A series resistance
of 12 kQ and a reach-through*% complete the current transport
model. The results from Marquardt et al. are in agreement with
the qualitative model proposed here, which could be applied
to explain memristive switching phenomena in other devices
as well.

Similar device models have already been reported by other
groups without spectroscopic evidence. In this respect, Mikheev
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et al.B% explained memristive switching in Pt/Nb:SrTiO;
(NSTO) by a modulation of the Schottky barrier height by a
variation in trapped charges within an inter-layer consisting
of carbon contamination between metal and semiconductor
and a potentially damaged single crystalline NSTO interface.
Kim et al. investigated TiN/NbO,/TiO,/NbO,/Pt memristive
devices.}l Here, electrons are reported to be ejected from traps
ascribed to Ti-sites in the upper NbO, layer (adjacent to Pt) by
applying a positive voltage to the Pt electrode. This modulates
the Schottky barrier of the NbO,/Pt interface. The NbO, is a
mixture of =60% Nb,Os and 40% NbO,. Gao et al. report on
an optoelectronic indium tin oxide (ITO)/NSTO junction in
which memristive switching is induced by Schottky barrier
modulation due to electron de-trapping while illuminated with
light.3% Furthermore, charge trapping at an HfO,/Ti interface
is reported as a memristive switching mechanism.*? In addi-
tion, devices are reported in which resistance switching is
based on electron trapping in HfO, which changes the bulk
conductivity of hafnia and, thereby, the overall resistance, while
a rectifying barrier is unaffected.l®%3 Moreover, an MIS model
that explains memristive switching in Au/NSTO and Au/
BaTiO;/NSTO devices through electron trapping and de-trap-
ping in an interfacial layer is given by Fan et al.3 Their model
is supported by scanning Kelvin probe microscopy (SKPM) and
piezoresponse force microscopy (PFM) studies on both the
NSTO substrate and the BaTiOj; layer, respectively. Thus, we
show spectroscopic evidence on functional devices for Schottky
barrier modulation by electron trapping/de-trapping in general
and for electron trapping/de-trapping in HfO, in particular, in
agreement with the other models.

The device model allows to propose methods for engi-
neering the device characteristics for specific applications. In
this respect, the defect density in the HfO, could be tuned by
adjusting the sputter deposition parameters which affects the
switching window.?212l A strong impact of the top electrode’s
work function and metal-insulator interface quality on the
read-out and switching parameters is further expected, since
these properties crucially affect the current transport in inter-
face-type devices. Reducing the roughness between the NbO,
and the Al,O; might lead to less device variability. Finally,
the device model can be exploited to deduce design rules for
the integration of the devices into CMOS technology. First, the
amount of charge traps involved in switching should be larger
than the amount of charges in the SCR so that the traps can
have a significant impact on the depletion region. Second, the
insulator should guarantee an intrinsic current compliance to
protect the device from dielectric breakdown while simultane-
ously allowing a significant current flow. Third, the density of
oxygen vacancies in the insulator must be low enough to pre-
vent filament formation. Fourth, for a back-end-of-line (BEOL)
compatible process and, thereby, for a potential 3D integra-
tion and a more flexible chip design, CMOS-compatible semi-
conductors such as amorphous or poly-crystalline Si could be
explored. Fifth, a fab-friendly metal that forms a rectifying bar-
rier with the semiconductor should be used. Sixth, the overall
current density should be orders of magnitude higher than
in the reported devices to enable a geometrical scaling to the
nanometer regime while obtaining a measurable read-out cur-
rent (see inset of Figure 2a).

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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4, Conclusion

In summary, a comprehensive characterization of analog
memristive switching devices composed of Nb/NbO,/Al,03/
HfO,/Au showing diode-like |J|-V characteristics is reported.
The stoichiometry of HfO, and Al,0; is confirmed by EELS
and HAXPES, while an excess of oxygen and argon in the
center of the Al,O; is indicated by EELS. The oxidation state
of the NbO, is determined by EELS to be a mixture of Nb,Os
and NDO, with decreasing oxygen content toward the Nb
bottom electrode. Non-destructive depth-dependent HAXPES
and XPS measurements show that the space-charge region
that accounts for the diode-like behavior is neither located in
the HfO, nor in the Al,0; layer. Memristive state-dependent
core-level shifts indicate that the charging of vacancies within
HfO, is responsible for switching. The experimental results
suggest a purely electronic origin of memristive switching in
the investigated devices. We could not find any hints of ionic
drift as a source for the observed switching behavior. Devices
with adjusted layer stacks reveal that the diode-like behavior
is caused by the NbO, layer, while Al,O; is not crucial for
the memristive switching. The proposed memristive device
model consists of a two-terminal MIS-like structure in which
electron traps within the insulator modulate the space-charge
region within the semiconductor and, thereby, the overall
device resistance. While similar memristive device models
have been reported before, we present here spectroscopic evi-
dence on functional devices for the charging and discharging
of electron traps as the origin of memristive switching in
such devices.

The worked-out model is in agreement with the companion
paper Marquardt et al. that exploits ImpSpec to probe the cur-
rent transport and switching kinetics of the same devices.”
Based on two different experimental approaches (XPS/HAXPES
and ImpSpec), our findings strongly indicate an electronic
charging and discharging of traps as the fundamental origin of
resistive switching in our devices, instead of ionic drift.

5. Experimental Section

Device Fabrication: In the standard process, all layers were deposited
using DC magnetron sputtering without breaking the vacuum with a
base pressure of less than 5 x 107 mbar. The devices were fabricated
on 100 mm Si wafers passivated by 400 nm thermally oxidized SiO,.
Metallic Nb and Al were first deposited in Ar atmosphere. The following
deposition of HfO, in a reactive Ar/O, gas mixture using a metallic Hf
target leads to the oxidation of the Al layer and, to some degree, of the
Nb layer.[8%12 The Au top electrode was deposited in an Ar atmosphere.
The device patterning was performed by standard optical lithography,
lift-off processes, and Au etching in potassium iodide to get different
electrode areas. The fabrication process was developed by Hansen et al.
for similar devices (with NbO, instead of Hf0,)P* and is described in
more detail in refs. [33, 121]. The HfO, layers investigated here were
produced in exactly the same process as the NbO, in refs. [33, 80, 121],
that is, with a total process pressure of 1.21 x 102 mbar in poisoned
mode (7 sccm Ar, 23 sccm O,), a discharge power of 100 W and with
a target to substrate distance of =53 mm. The Hf bottom electrode for
the device shown in Figure 6b was deposited with the same sputter
parameters as the Nb bottom electrode. The upper 2.5 nm thin Al,O;
layer for the device in Figure 6¢c was deposited with the same process
pressure, gas composition, and power as the HfO,. Here, the HfO, and
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Al layers were deposited slightly thinner than for the reference device
so that the overall Al,03/HfO,/Al,O5 tri-layer is =1 nm thicker than the
insulator bi-layer of the reference devices.

Different device structures were built for this work:

(i) Reference devices with structures described in ref. [33] were
fabricated. Here, six different contact areas ranging from 100 to
2500 um? are arranged across the wafer. Furthermore, a 720 nm
thick Ti wiring layer covers the top electrodes and connects them
to Ti contact pads. A SiO, layer is needed as insulation between
the wiring layer and the mesa structures. The devices shown in
Figure 6 were also fabricated with the same design.

(ii) Functional devices for the XPS and HAXPES measurements were
fabricated with a different design. Here, the top electrode has
to be much thinner and must not be covered with a wiring layer
because the information depth of HAXPES is in the order of a
few ten nm, while it is even less for lower energetic X-rays also
used in this work.[>! The device structure is shown in Figure S4,
Supporting Information which is inspired by ref. [105]. The Au
top electrodes are electrically connected to Ti contact pads by Ti
wiring lines, which only cover a small percentage of the device
area. The total top electrode areas of the investigated devices
are 13650 um?. 9000 um? are not covered by insulation or wiring
layers allowing to probe the devices with PES. To obtain functional
devices, the top electrode has to form a continuous film. Since
thin gold films are known to grow in an island-like structure on
ceramics,” an optimization of the top electrode deposition
process has been performed. In the sputter deposition process,
the thinnest continuous film produced has a thickness of 13 nm.
A device produced that way was probed by HAXPES. The Au
was thermally evaporated to get even thinner continuous films
of 6 nm. Therefore, the respective wafer had to be transferred
from the sputter deposition chamber to the evaporation chamber
being exposed to normal atmosphere for less than 5 min. The
wafers with structures (ii) not only contain devices with the
described structures but also test structures as described in
(i). These devices only work if the Ti wiring layer has no direct
contact with HfO,. Thus, measuring the electrical characteristics
of these test structures verified that the deposited Au formed
continuous layers.

Electrical Measurements and Memristive Switching: The bias voltage
was applied to the Au top electrode while the bottom electrode was
grounded. Trapezoid-shaped voltage sweeps were applied, where the
voltage was increased from 0 V to the positive maximum bias V,,,,
then decreased to the negative bias V,,;, and increased again to 0 V. In
total, 100 voltage steps with a total bias time of 220 s were used. The
read-out characteristics of the devices with Nb/NbO,/HfO,/Au material
stack were recorded with a total bias time of 16 s, which leads to the
higher noise level in Figure 6(c) (red line). In situ switching to HRS or
LRS in XPS/HAXPES experimental chambers was done with trapezoidal-
shaped voltage sweeps of one polarity only (50 steps, 110 s). All data
from the reference wafer (Figure 2) and the devices with alternative
layer stacks (Figure 6) were measured with an HP4156A semiconductor
parameter analyzer. Electrical characterization and memristive switching
at the synchrotron beamlines were done with an Agilent E5260 source
measurement unit (SMU) at beamline P04, and an Agilent B2912A SMU
at beamline P22, respectively. The X-ray beam was never directed to the
sample while applying bias to the devices.

The spectra for emission angles of 41.4° (sub-surface sensitive) and
60° (surface sensitive) were measured two and three times for each
memristive state, respectively, and the state was refreshed in between.
First, the spectra were recorded for HRS for all three angles. Afterward,
the device was switched to an LRS with a unipolar voltage sweep with
Vina = 4 V. To guarantee that all spectra for all detection angles were
recorded for the same resistance state, a current compliance of 30 pHA
was utilized. Refreshing the resistance state to one and the same level
was possible, and the device’s retention was long enough to record data
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for two distinct resistance states, as shown in Section S6, Supporting
Information. The higher read-out voltage of 1.8 V was necessary because
the noise level of the |/|-V measurement within the vacuum chamber
did not allow to use lower voltages. However, the device state was not
significantly affected by the higher read-out voltage (see Section S6,
Supporting Information).

TEM and EELS: TEM characterization was performed using an FEI
Titan? at an acceleration voltage of 300 kV with spherical aberration (C;)
probe correction and monochromator. The EEL spectra were acquired
with a GIF Quantum Dual EELS detector. To probe the whole material
stack, a focused ion beam lamella was extracted from a functional device
in HRS of structure (ii) with a 13 nm Au top electrode. The line scan in
Figure 3b is constructed from a spectral image by summing all spectra
horizontally and binning two of these lines to obtain a vertical step size
of 1.75 nm.

XPS and HAXPES: The Au top electrode was electrically connected
to a common ground with the analyzer during photoelectron
spectroscopy. During HAXPES measurements, also the bottom
electrode was connected to the common ground leading to defined
electrical boundary conditions when evaluating potential profiles.
All recorded Hf and Al spectra were aligned with the Au 4f;, peak
of the top electrode at 84.0 eV BE. It should be emphasized that this
provides an energy reference relative to the Fermi level of the Au
rather than an exact alignment of the energy with Ex = 0 eV. All core-
level spectra were fitted with the XPST add-on for IGOR Pro software
(WaveMetrics), which utilized the Pseudo-Voigt function described in
ref. [123]. Here, the Voigt profile was approximated by a Lorentzian—
Gaussian sum function. Shirley-type backgroundsl'®l were used
for spectra with a sufficient signal-to-noise ratio. Otherwise, linear
backgrounds were used. The XPS measurements with soft X-rays were
measured with an X-ray energy of 1550 eV, a beam spot diameter of
<15 um, and an energy resolution of =200 meV. The HAXPES spectra
were obtained with an energy of 7000 eV, a beam spot of 20 X 20 um?,
and a total experimental energy resolution of =300 meV. Depth-
dependent information was obtained by measuring HAXPES spectra
from different angles of emission. This was achieved by rotating
the sample relative to the analyzer and also to the X-ray beam so
that the footprint of the beam was elongated in one direction with a
factor of 1/sin (9) (i.e., a maximum footprint of 20 x 80 pum? for the
bulk sensitive measurements at 15°). All PES measurements were
conducted at 300 K.

Au 4f spectra were fitted with a fixed spin-orbit splitting of 3.7 eV,
an intensity ratio of 0.75 for f-orbitals and the same FWHM for both
components.'?l For XPS measurements with the 6 nm top electrode,
two doublet features assigned to surface states and bulk Aul'?®l were
detected (see Section S5, Supporting Information). For HAXPES
measurements with a 13 nm Au top electrode, a single asymmetric
doublet peak (see Section S6, Supporting Information) with additional
features at higher BE was detected as it was usually observed for XPS
spectra of gold and other metals.'l This asymmetry was incorporated
into the fit by using an asymmetric Pseudo-Voigt function.l”l No
resistance state-dependent peak shift was observed for the Au 4f spectra,
and no gold oxides['?l were formed in both samples.

Hf 4f spectra were fitted with a fixed spin-orbit splitting of 1.67 eV,
an intensity ratio of 0.75 for f-orbitals and the same FWHM for both
components . The spectra were aligned to the respective bulk Au 4f;),
peaks at 84.0 eV recorded for all resistive states.

Hf 3ds/, and Al 1s spectra for an angle of emission of 41.4° (sub-
surface sensitive) and 60° (surface sensitive) were measured two
and three times, respectively. The spectra corresponding to the same
angle and the same memristive state were combined afterward. To
this end, the single spectra were aligned to the corresponding Au 4f;
peak at 84.0 eV, and the backgrounds of the single spectra were
subtracted before the spectra taken at one and the same angle and
resistive state were summed up. Raw spectra and fitted backgrounds
can be found in Section S7-S10, Supporting Information. The
merged Hf 3ds;, and Al Ts spectra could be fitted best with single
Pseudo-Voigt functions.
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V.1 Summary

As well as the afore-presented companion paper, this work investigates an
interface-based memristive device consisting of the layer sequence Nb/NbO,./
[Al,O5)/[HIO5)/Au. The device exhibits promising electronic properties suit-
able for neuromorphic applications, characterized by a high I-V non-linearity,
facilitating integration into passive crossbar arrays. Switching from a high-
resistance state (HRS) to a low-resistance state (LRS) is achieved by applying
a positive voltage to the top electrode.

The devices consist of a semiconducting partially oxidized Nb back elec-
trode (NbO,, approximately 5 nm thick) and an [Al,O4] layer with varying
thickness and nano-scale roughness at the interface with NbO,. Spectral
analysis of ImpSpec measurements reveals a single half circuit in the [EClL A
simplified Randle’s circuit adequately represents the [EC] with the two par-
allel elements significantly affected by the applied DC voltage. The current
transport mechanism is attributed to thermionic emission, which presupposes
the existence of a[SCRl An analysis of the capacitance indicates a superpo-
sition of an insulator capacitance together with an capacitance which
is influenced by surface states. Changing the resistive state does not require
altering the [EC| but involves a quantitative change in the physical process of
charge carrier transport. This change in the barrier height and ideality factor
is associated with variations in the [SCR] leading to changes in the resistive
state. The change in the ideality factor of the thermionic emission theory is
found to be mirrored in the dimensionless capacitance factor. Temperature
measurements show an increase in the ideality factor with increasing temper-
ature, as well as a valid fit for the Richardson constant, further supporting
the assumption of a dominant thermionic emission process.

Resistive switching occurs for voltages above 1V after a 30-second mea-
surement interval, while voltages above 2V exhibit an ”inductive hook.” This
behavior might be explained by a slow process that gradually reduces resis-
tance over time. Transient analysis is employed to extract more information
about the switching process, revealing the presence of two time constants
represented by a bi-exponential function. Similarly, two time constants for
the retention of the memristive state can be determined. Based on the in-
dications of surface states found in the capacitance data, the time constants
found are fitted with the Shockley-Read-Hall model. A single electron trap
depth of approximately 0.89 eV, matching the measured depth of VOP*, can
thus be determined for all time constants, which exhibit multiple time con-
stants. Additionally, it is suggested that interface traps with smaller capture
cross-sections are responsible for long-time memory, while bulk traps are
responsible for short-time memory.
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Finally, a physical model indicating the charging and discharging of elec-
tron trap states as the main resistive switching mechanism is proposed. Elec-
tronic traps located in the[HfO]layer (caused by [VQl) can change their charge
state, which modulates the space charge region of the semiconducting NbO,
and thus affects the overall resistance of the device.
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Gitanjali Kolhatkar, Hermann Kohlstedt,* and Martin Ziegler

Memristive devices for neuromorphic computing have been attracting ever
growing attention over the last couple of years. In neuromorphic elec-
tronics, memristive devices with multi-level resistance states are required

to accurately reproduce synaptic weights. Here, a memristive device based
on a multilayer oxide system (Nb/NbO,/Al,0;/HfO,/Au), which features a
filamentary-free, homogenous interfacial resistive switching mechanism, is
investigated. To gain a deeper insight into the switching mechanism, imped-
ance spectroscopy (ImpSpec), X-ray photoelectron spectroscopy (XPS), and
transmission electron microscopy (TEM) are exploited. While this work
focuses on the analysis of impedance and current-voltage characteristics, XPS
and TEM investigations can be found in a companion paper (Zahari et al.).

In the course of this investigation, potentiodynamic impedance spectroscopy
(PD-ImpSpec) and time resolved impedance spectroscopy (TR-ImpSpec)

in combination with transient analysis are used. Evidence is presented of
switching kinetics at voltages above 2.1V directly related to changes in
Schottky barrier resistance. These switching kinetics can in turn be inter-

1. Introduction

Memristive devices have been attracting
considerable interest for applications in
advanced computing architectures, such
as in-memory computing or neuromor-
phic circuits.!'™ A memristive device,
which is based on resistive switching,
typically consists of a metal-insulator-
metal capacitor-like structure.’] A special
feature of memristive devices is that they
can display several resistance states which
can be adjusted by suitable current or
voltage signals.®l Although at first glance
memristive devices are simple structures,
the underlying elementary physical and
chemical mechanisms leading to resistive
switching are notoriously complicated.
Furthermore, the development of highly

preted by the charging and discharging of double positively charged oxygen
vacancies V3?2 = 0.9 eV. The results of the impedance analysis are translated
into a more general model for memristive devices to map the physical pro-

cesses during switching.

integrated circuits is challenging as many
material systems cannot be technologi-
cally integrated into the prevailing silicon
technology, while the devices exhibit often
high variability.
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To overcome these hurdles, a deep and detailed under-
standing of the underlying resistive switching effects is manda-
tory for the fabrication and integration of memristive devices in
electronic systems.

Impedance spectroscopy (ImpSpec) has proven to be a pow-
erful electrical diagnostic tool to analyze the origin of resis-
tive switching due to its potential for probing the dynamics
of trapped and mobile charges in both bulk and interfacial
regions.”l As a result, it is possible to collect pertinent informa-
tion about redox processes, defect structures, and barrier prop-
erties related to resistive switching by ImpSpec.[13]

While ImpSpec can provide insight regarding carrier trans-
port mechanisms, the interpretation of impedance data remains
challenging, particularly in oxide-based memristive devices due
to time-dependent resistance reduction which is often seen as
positive impedance phase shifts.'!l In these devices, the resist-
ance change is usually attributed to the displacement of oxygen
vacancies!"] or charging and discharging of traps,1®'® and
several equivalent circuits!’®! have been proposed. Interpreta-
tions for positive impedance phase shifts vary, ranging from
inductancel® to negative RC-elements."! To correctly interpret
a system’s ImpSpec response and identify the dominating
physical mechanism, an equivalent circuit (EC) diagram that
accurately represents such a device is mandatory. A thorough
understanding of the physical processes behind the switching
mechanisms is important as it will allow for the efficient tuning
of memristive devices.

This study aims to develop a realistic EC diagram for the haf-
nium oxide-based memristive devices. Starting from a simpli-
fied Randles circuit,?% the model is extended and a complex EC
diagram tailored to the memristive device is proposed. While
potentiodynamic ImpSpec (PD-ImpSpec) is employed to char-
acterize current transport dynamics for different switching
states, time resolved ImpSpec (TR-ImpSpec) is used to access
slower time constants that are outside the used frequency
spectrum via transient analyses in the time domain. In this
context, a positive phase shift, also called “inductive” behavior,
is discussed.

In particular, we aim to better understand the complex
physics of Nb/NbO,/Al,0;/HfO,/Au memristive devices,
which show a filament-free interface-type, analog resistive
switching, a high current-voltage (I-V) non-linearity, and a
low power consumption, comparable to other oxide multi-
layer devices.l18.21:22] [n particular, devices based on a similar
material stack but with NbO, instead of HfO, were reported
in the past.l'®2! The analog switching dynamics and the possi-
bility to emulate the functionality of biological synapses were
investigated in detail on the device level 22l and the integration
into passive crossbar-arrays together with an experimental
realization of a bio-inspired learning scheme has already been
shown.[?3! Furthermore, the switching process was modeled
with kinetic Monte Carlo simulations?* and the device-to-
device and cycle-to-cycle variability was modeled with a cloud-
in-a-cell (CIC) scheme.[®) The correspondence between the
memristive behavior of those oxide multi-layer devices can
be concluded from the area-dependent switching (Figure 2b
in Zahari et al.l?%), the diode-like I-V characteristics, a high
device resistance (even in the low resistive state (LRS)), and
the analog switching process.
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For homogeneous switching devices, the I — V behavior
and the switching mechanism have been attributed to var-
ious causes. First, a distinction is made between the exist-
ence of one or more potential barriers and their interaction
with charge carrier flow.'#162728] Second, the diffusion of
ions and the change of the charge state of electron traps are
discussed as the cause of the memristive effect.[16:77:27:29.30] T
this work, clear evidence of the existence of a single poten-
tial barrier and the charging and discharging of electron
traps as the origin of the memristive effect is presented for
the discussed device.

Since multiple spectroscopy characterizations are required
for a comprehensive memristive device analysis, as suggested
by Yang et al.?! the X-ray photoelectron spectroscopy (XPS)
and electron energy loss spectroscopy (EELS) in the transmis-
sion electron microscopy (TEM) are results presented in detail
in the companion paper Zahari et al.l?*l While only a brief sum-
mary is given here, the results of the companion paper will be
discussed in more detail in comparison to the ImpSpec data in
the course of this work. EELS analyses by Zahari et al.l?°l show
a NDbO, oxidation state from a mixture of Nb,Os and NDbO,
with decreasing oxygen content toward the bottom electrode.
Using the hard X-ray photoelectron spectroscopy (HAXPES)
data, a space charge region (SCR) in the HfO, and Al,0; can
be excluded. In addition, core level shifts, which are dependent
on the memristive state of the device, indicate charge and dis-
charge of electron traps as a memristive mechanism. No evi-
dence of ionic drifts is found in the HAXPES data.

2. Material and Methods

2.1. Electrical Measurements

This work aimed to carry out transient analyses of individual
impedance parameters during the switching process of the
memristive devices. A homemade impedance spectrometer
based on the fast Fourier transform (FFT) of time-domain data
was used to obtain the complete impedance spectrum over
all excitation frequencies in a very short time interval, instead
of the commonly used frequency response analysis (FRA).
As sketched in Figure 1, a multi sine perturbation signal was
applied to the sample as perturbation voltage. Both the applied
voltage perturbation and the current response of the sample
were simultaneously recorded and subsequently transformed
into the frequency domain by FFT. This allows the individual
Fourier components to be determined and the impedance of the
sample to be calculated.??l The impedance data experimentally
obtained were validated by comparing the response spectrum to
the perturbation spectrum.?*34 An adjustable bias voltage Vji4
in the range of —5 to +5 V could additionally be applied and the
respective DC was measured. The sample holder was tempera-
ture-controlled in the range from -5 to 80 °C. The FFT-imped-
ance spectrometer was designed and built by one of the authors
in our laboratory. A schematic of the experimental setup can
be seen in Figure 1. The perturbation signal used for all meas-
urements in the stationary voltage region had an amplitude of
55 mV, and the frequency range was from 600 mHz to 20 kHz.
Agreement with linear response theory was verified after each
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Figure 1. Principle of the ImpSpec setup which uses a preamplifier and
a FFT.

measurement. For measurements at a higher voltage bias, or
for TR-ImpSpec measurements, a narrower frequency band
was used to improve the resolution at lower frequencies (2 Hz
- 1 kHz). The design was adapted to the specific properties of
particularly highly resistive memristive devices. Two essential
requirements had to be taken into account: i) high amplifica-
tion for the current response (up to 10°-10'?); ii) matching the
perturbation spectrum to the characteristic slow time constants
of the memristive devices. More detailed information on the
ImpSpec measurement setup can be found in ref. [31#32] by
Popkirov and Schindler.

2.2. Memrristive Device

The hafnium oxide-based memristive devices consisted of a par-
tially oxidized (NDbO, (5 nm)) NDb back electrode assumed to be
semiconducting (Figure 2a), followed by an insulating double
oxide layer (Al,0; (2-7 nm)/ HfO, layer (4.5 nm)) and a Au top
electrode. Al and Nb layers were deposited by DC magnetron
sputtering in an inert Ar plasma, before depositing the HfO,
layer using an active O,/Ar plasma. The reactive plasma leads
to an oxidation of Al and partly of ND, as shown in the com-
panion paper (Zahari et al.)l? and also for similar devices.>’!
For the Al,O; layer, a varying layer thickness and a roughness
in the nano-scale could be observed at the interface with NbO,,
(Figure 2a). An explanation of how the roughness at the inter-
face of Al,03; and NbO, was determined can be found in Sup-
porting Information S1. A detailed analysis of the TEM data can
be found in Figure 3 in Zahari et al.l?°!

The device showed a homogeneous area-dependent
switching behavior, suggesting a non-filamentary switching
mechanism.[?8l Switching from the high resitive state (HRS)
to the LRS could be achieved by applying a positive voltage
to the top electrode with respect to the bottom electrode and
inversely for switching back to HRS (Figure 2b). An illustration
of the I-V characteristics of the memristive device depending
on various voltage ramp speeds to switch the device are shown
in Figure 2b. The corresponding -V curves for reading the
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resistive state are shown in the inset. It can be seen that the
switching dynamics can be manipulated in the millisecond to
second range and that the resistive state is reduced by using
longer switching periods. A variance in memristive behavior
among devices can be taken from Figure 2a in Zahari et al.[?¢]

3. Results and Discussion

3.1. Steady-State Analysis by PD-ImpSpec

To obtain information about the electronic transport phe-
nomena, an impedance analysis is performed in a steady-state
voltage range where no resistive switching can be induced.
Here, the operating point is systematically varied by adjusting
Viies (PD-ImpSpec). This allows insight into the voltage
dependence of the particular EC elements. For the steady-state
case, a single semicircle can be found in the Nyquist graph
of the recorded impedance spectra with an offset on the real
axis (Figure 3). This hints toward the existence of a single
RC—element for the EC for the stationary voltage region. Since

a)
4
o
g
e
— — Proﬁlellnm ' ' ' '
c c — Profile / nm smoothed FFT by 10
S35 2
==
2« 0
o3
L3
_4 1 1 1 1 1
0 20 40 60 80 100 120
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b) 10_4 T T T T T
R 108
< 107
1076F 7 1070 Au
— 107" HfO,
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C -
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10—12 " 1 " 1 " 1 " 1 N 1 N |
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Figure 2. a) STEM image showing the cross section of the device. The
roughness at the interface between Al,O; and NbO, is indicated. The
roughness profile was estimated by the intensity of the cross-sectional
scan. b) Characteristic I-V curves of a memristive device switching from
the HRS to the LRS and back. Voltage ramps at three different speeds:
grey—slow—43.6 mV s, blue—medium—480 mV s, orange—fast—
4.8 Vs, Inset: Read-out |-V characteristics of different resistance states
depending on the ramp speed of the switching. A sketch of the layer stack
of the memristive device is given on the right side. All measurements
were performed on the same device.
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Figure 3. a) Nyquist diagram of the PD-ImpSpec of the memristive
device for Vs ranging from 0.5 to 0.8 V. b) Simulated Nyquist graph for
the simplified Randles circuit.

the Nyquist curves do not pass through the origin, it can be
assumed that the associated EC must be an arrangement of two
resistors and one capacitor.

The usual EC, which is most commonly used for such an
impedance spectrum, is the simplified Randles circuit?® and
consists of a serial resistance followed up by an RC element
(Figure 3b). The impedance of such a simplified Randles circuit
in a Voigt configuration”! is described by:

Z=Rs+¥ 1)

1 .

R, + joC,
with R; as serial ohmic component, and R, and C, as parallel
RC element. A frequent observation in impedance analyses of
solid electrolytes is a frequency dispersion, which can be repre-
sented by a constant phase element (CPE).® The impedance of
such a CPE is described as:

1
Zepg = W (2)

where Q is related to the electrode capacitance (Fs?! cm™)
and ¢ is the constant phase exponent (0 < ¢ < 1).57 A CPE of
1 reduces Equation (2) to the definition of an ideal capacitor.
Frequency dispersions are often a result of inhomogeneity,
which can originate from both material composition and
layer thickness.[””) Using a CPE instead of a capacitance to fit
the presented data results in a phase exponent ¢ of nearly 1
(>0.99). A CPE was therefore not used for the following data
fits. Furthermore, a linear area dependence for all fitted EC
elements is found (Figure S2, Supporting Information). The
simplicity of the physical EC is surprising for such a complex
stack of conducting, semiconducting, and insulating layers
and suggests current transport is affected by a single bar-
rier. In addition, the accuracy of the fits presented in Figure 3
shows that the proposed EC is an appropriate choice.

Adv. Electron. Mater. 2023, 2201227 2201227 (4 of'l4)

AD
ELECTRONIC
MATERIALS

Open Access,

www.advelectronicmat.de

1011 LI T T T T T T T 21 '10_11
i Ty ¥
. > / |
~ 1010k .
g0 e £ . !) my
® ° / o MeanR,/C, “~._ 42.0-107" >
o -~ N 7 =
c 409k " / o 1stcycle ‘3\ / &)
S / ° 2ndcycle 8 S
g s / » 3rdcycle ,’§‘~\ ©
8 /v 4thcycle ¥ L ©
@ 108k« / & Sthoycle ’%// 419107
gt \
107 i N 1 . 1 . 1 L 1
0.2 0.4 0.6 0.8 1
Voltage (V)

Figure 4. Parameters of the differential RC (R,, C,) element of the PD-
ImpSpec of the memristive device versus applied V. R, (yellow) is
displayed on a semi logarithmic scale on the left axis and C, (green) is
displayed on a linear scale on the right axis. The measurements were
performed for five cycles on a single device.

To assign the discrete circuit elements of the EC to physical
mechanisms within the memristive device that determine the
current transport, it is necessary to take a closer look at func-
tional relations between the elements and the varying param-
eters. For this purpose, the R — Vand C — V curves of the single
EC elements provide insight into the nature of the EC ele-
ments. In Figure 4, such an analysis is presented for each Ran-
dles circuit element in Voigt configuration. The PD-ImpSpec is
performed in a bias voltage range from 200 to 1000 mV. Since
no voltage dependence can be found for the serial resistance
R, it can be described as a strictly real non-differential resistor.
In addition, a serial resistance of R, = 12 kQ is determined,
about two orders of magnitude larger than the expected lead
resistances for the electrode and contact materials. This phe-
nomenon hints at bulk resistances and will be discussed
in more detail in a later part of this study. Moreover, a clear
voltage dependence can be seen for the serial RC elements R,
and C,, as depicted in Figure 4. Here, a diode-like characteristic
is obtained for the parallel differential resistor R,. This expo-
nential voltage dependence can be described by the thermionic
emission model of a Schottky barrier:(383

Vo

Ip =Is(e™™ 1) (3)

where kg is the Boltzmann factor and T is the temperature.
The elementary charge g is the reverse current I described
below, and Vj, is the voltage drop across the diode. As most
real Schottky diodes show deviations from the ideal thermionic
emission, a dimensionless correction factor n is inserted. By fit-
ting the slope of the logarithmic current through the parallel
resistor R, the ideality factor can be determined according to:

q dv

n=
koT d(Inl)

(4)

The fits of the PD-ImpSpec analysis presented in Figure 4
show a remarkably small deviation from the data, attesting
to the accuracy of the mathematical model employed in this
study. For the parallel resistor R,, an ideality factor of 3.71 is
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determined, which gives insight into the voltage drop across
the depletion region of the diode.

Various explanations for the ideality factor can be found
in the literature. One possibility is the partitioning of the
current transport into different paths, for example, a super-
position of thermionic emission and thermionic-field emis-
sion where n describes the partitioning ratio between the
different paths.*l Assuming a single current transport mech-
anism associated with a SCR, n can be used to describe the
position of the mean generation of charge carriers within
the SCR. For n = 2, the average generation of charge car-
riers in the center of the SCR is derived.!l Lateral fluctua-
tions in barrier height and inhomogeneities in the depletion
layer are possible causes for ideality factors much larger than
unity.[2l An alternative cause of an ideality factor greater
than 1 may be a superposition of recombination currents via
thermionic emission, or the presence of an interfacial layer
together with surface states.[**8l

The reverse current I mentioned in Equation (3) is given by

98419

Is=A"AT? =T (5)

where ¢ . is the effective barrier height, A the contact area,
and A* is the Richardson constant (usually approximated with
1.20173 x 10° Am=2K=2*)). The occurrence of excess currents
indicated by the high ideality factor, whether due to inhomo-
geneities or superposition of other charge transport processes,
impedes accurate barrier height determination. For this reason,
the barrier height determined here is referred to as the effec-
tive barrier height. Van Otterloo and Gerritsen suggest that the
total barrier height ¢y , can be defined as the product of n and
¢By #[50]

The equation for calculating the effective barrier height can
be derived from the reverse current definition in Equation (5):

ksT A"AT?
oy =—Bln( ) (6)
q Is

For the PD-ImpSpec shown in Figure 4, we find an effective
barrier height of 0.84 eV for the HRS of the device. An eval-
uation of impedance data is more suitable for determining a
barrier height than quasi-static I — V curves, since series resist-
ances and other artifacts do not have to be taken into account.

The analysis of the R, for the steady-state case together with
the rectifying behavior of the static I-V curve (Figure 2b) shows
a clear indication of the presence of a SCR in the memristive
device, which affects the charge carrier flow in the measured
voltage range. Operation of the diode in the forward direction
when a positive voltage is applied to the top electrode, together
with the high gold work function, suggests the formation of an
SCR with an » -type semiconductor.

For the C — V analysis of the memristive device, we find that
the capacitance increases with Vj,,, indicating a reduction in
the SCR width due to the applied field. However, no typical
asymptotic dependence of the measured capacitance is found
in the voltage range investigated here which suggests that not
all potential charges have been accumulated in the capacitance
at this point. Instead, an exponential relationship extended by
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a dimensionless divisor between voltage and measured capaci-
tance is found, described as:

\4

C,(V)=C,(0)+C™ 7

with an offset Cj(0) = 1.92- 10" F, the initial capacitance
C;=2.66-10""F, and the dimensionless parameter ms = 0.247
and mypg = 0.221. This observation together with the voltage
independence of C, for negative voltage range implies a
superposition of the SCR capacitance with another geometric
capacitance. The latter is shown by the added offset, which is
additionally influenced by the double oxide layer and arranged
parallel to the SCR capacitance. The voltage dependence of the
capacitance of an SCR can be expressed by the solution of Pois-
son’s equation for a defined distribution of space charges:

= = = 8
dzx dx EoEs EoE; ( )

Here, ¢ describes the electrostatic potential, E the electric
field, p the total electric spatial charge density, N(x) the doping
concentration, x the position relative to the SCR transition, and
€¢ and €, the permittivity of the vacuum and the relative static
permittivity, respectively. A derivation of the solution for an

arbitrary doping profile yields:P>!

__GO
= ey )

where vy, is the built-in potential and p is the grading coeffi-
cient of the doping profile. Finally N(x) is given by:

1

N(x)= N, (g)ﬁ (10)

with Np as donor doping concentration and d as length scale
for donors.?

Therefore, in the conventional representation of the SCR
capacitance, a plot of the reciprocal of C, versus applied voltage
is used. However, this ideal model assumes a charge distribu-
tion in the SCR as described in Equation (10), which is often
disturbed by the presence of serial resistors or oxide interlayers
between the semiconductor and the metal, which lead to charge
reversal phenomena at the interfaces due to surface states.[>>>4
In addition, the high roughness at the interface with Al,O;
(Figure 2a) leads to a superposition of both geometric and space
charge capacitances. Due to these factors, capacitance-voltage
plots often deviate from the given expectation.

A visualization of the arrangement of the capacitors
and the other EC elements, which summarizes the find-
ings of this work and the companion paper Zahari et al.l2¢]
can be seen in Figure 12. This geometric capacitance is
largely determined by the Al,O; layer due to its geometry
(d = 2-7 nm) and permittivity (= 9.1) and can be estimated
to be Cu,o, = 1.26 x 107 F. A higher capacitance is obtained
for the HfO, layer (Cpp, = 4 X 107! F, with &, = 25 and
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Ay, = 4.5 nm), suggesting that the capacitance of the Al,04
layer in a series interconnection is dominant. An increased
capacitance value compared to the estimated one as well as
the parallel arrangement of the capacities can be explained by
the roughness at the NbO,/Al,O; interface. Together with the
roughness seen in TEM analyses (Figure 2a) and by using spa-
tial averaging,® an excess capacitance of Cyo = 1.6 X Copooth
can be computed. The roughness determined from the cross-
sectional TEM analysis may differ from the actual roughness,
due to the thickness of the lamella (approximately 30-60 nm).
While the capacitances comprised in Cj(0) cannot be accurately
deconvoluted, it can be assumed that the largest fraction is
given by the Al,O; layer and smaller fractions are due to HfO,,
the SCR in NbO,, and possible surface states.

The lack of insight regarding time constants associated with
the double oxide layer in this analysis may be due to the spec-
trum of the signal being limited to 20 kHz. Therefore, it is not
possible to resolve smaller time constants (with R,, < 10° Q,
Cpe = 10" F — 7, < 100 ns) that would possibly describe the
RC elements of the double oxide layer. Since the current flow is
dominated by only one barrier, which has already been defined
as the Schottky barrier inside the NbO,, there must be a suf-
ficiently small resistance in the following double oxide layer to
limit the current to high field strengths only. From the TEM
results (Figure 2a) and the previously mentioned high serial
ohmic ratio, we can assume that there is a high spatial den-
sity of current paths (shunt resistors) in the oxide double layer
(Figure 12).

To further understand the dependence of circuit parameters
on the memristive switching mechanisms of the device, steady-
state PD-ImpSpec is performed for the HRS and LRS of the
device. For this purpose, a positive voltage ramp (V,,,, = 3.2 V)
is applied to set the device from HRS to LRS between the PD-
ImpSpec measurements. For both states, the same symmetry
in the Nyquist graphs of the impedance could be observed,
revealing that the EC describing the measured data is not
affected by changing the state. Thus, the charge carrier trans-
port appears to quantitatively vary due to the change in state
but continues to be described qualitatively by the same physical
process, which is further confirmed by the accuracy of the fits
seen in Figure 5. Both R, and C, are significantly affected by
switching from HRS to LRS. In particular, a change in R, of
up to two orders of magnitude can be observed for low voltage
ranges. Thus, we can conclude that the diode interface is sensi-
tive to the memristive state of the device. The parameters for
the HRS and LRS states determined using Equations (4), (6),
and (7) and their percentage change between the states are
given in Table 1.

For the resistive part of the diode interface, represented
by the differential R, there is a significant reduction in the
effective barrier height of around 17%, and the accompanying
increase in n of about 13% which suggests a low variation in
total barrier height compared to the effective barrier height.
The aforementioned changes lead to the drop in total resistance
shown in Figure 5b) on a semi-logarithmic scale for R,. The
increase in total capacity obtained when switching from HRS to
LRS, together with the reduction in effective barrier height, can
be explained by a reduction in the SCR width. According to the
simulations on metal-insulator-semiconductor diodes by Green
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Figure 5. HRS (blue) versus LRS (red) analysis of fitted circuit param-
eters C, (a) and R, (b). C, is shown on an linear scale in the upper graph
and R, is displayed on an semi logarithmic scale in the lower graph. The
measurements were performed for five cycles on a single device.

and Shewchun, the change in the slope of the C — V curves
after switching indicates an increase in the amount of surface
states at the insulator-semiconductor interface.’3! The C — V
data are again fitted with Equation (7) and the voltage pre-factor
m is determined and shown to vary proportionally to the recip-
rocal of the ideality factor n (Table 1). Since the inhomogeneous
voltage drop across the SCR of a diode is defined via the ideality
factor, which is often caused by parallel charge carrier transport
mechanisms, it is necessary to introduce this parameter when
analyzing the diode capacitance.

3.2. Temperature Variation

In addition to the electric field dependence, a temperature
change influences most charge carrier transport phenomena.
The temperature dependencies of the state-sensitive diode are
determined by heating the memristive device while performing

Table 1. Calculated values of ¢g,.p5 n, m for HRS and LRS, and per-
centage variation between both states.

State P (€V) n m
HRS 0.866 +0.013 3.98+0.18 0.247
LRS 0.716 +0.007 4.49 +0.16 0.221
Change(%) 17.3 12.8 n7z

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8A1I81D) 8|qeot|dde 8Ly Aq peusenob afe o VO ‘esn Jo se|ni o} Akeid 18Ul O A8]IM UO (SUORIPUOD-PUR-SWLB) LD A8 | ARe.q 1 pul[UO//:SdNY) SUONIPUOD pue sW | 8Y) 88S *[£202/50/82] U0 AriqiTauliuo A8|im ‘Auewsen sueiyood Aq 222102202 W Be/z00T 0T/10p/Woo" A3 (1M ARIq Ul |uoy//sdny Wouj papeojumod ‘0 ‘X09T66TZ



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

PD-ImpSpec. Since this device suffers dielectric breakdown
under applied bias even for moderate heating, a small tempera-
ture range up to 50 °C is chosen.

For this purpose, a temperature variation from 20 up to
50 °C was performed five times in steps of 5 °C and under dif-
ferent voltages V. The plot of the logarithmic current flow
versus different voltages through the EC element R, at different
temperatures is shown in Figure 6a. Fitting the curves with a

linear function gives information about the ideality factor and
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the reverse bias current of the Schottky-like diode, while the
effective barrier height is determined for each temperature
using Equation (6).

Figure 6a shows a current increase with temperature, con-
sistent with charge carrier transport by thermionic emis-
sion. The parameters determined from these curves show a
decrease in the effective barrier height and an increase in the
ideality factor with increasing temperature, in accordance with
literature.l’®>7) The decrease in effective barrier height with
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Figure 6. a) Linear plot of the natural logarithm of the current flow through R, versus the applied voltage Vi, at different sample temperatures for
the HRS. The temperature measurements were performed five times for one device. b) Barrier height ¢g ,rand ideality factor n of the diode interface
extracted from fitted | — V characteristics in Figure 6a versus temperature. c) Richardson plot of the reverse current of V/R,. d) Current-temperature
characteristics of a memristive device at applied voltages V,;,; between 0.6 and 1V plotted linearly as the natural logarithm of the current flow through
R, Inset: Activation energy as a function of Vj;,. ) Modified Mott plot of C,? versus temperature. Inset: Differential parallel capacity as a function

of temperature.
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increasing temperature can be explained by a change in the
band gap E,[*® According to Werner and Giittler,*”) after lin-
earizing the temperature dependence of E,, a linear behavior of
the Schottky barrier height is obtained:

05(T) = ¢5(T =293)+ T, (11)

Together with Tersoff’s theoretical prediction of the Schottky
barrier height,® a reduction of barrier height with increasing
temperature with a temperature coefficient

dgs dE,

R

(12)
follows. From the linear fit of the effective barrier height
as a function of temperature (Figure 6b), the temperature
coefficient can be determined using Equations (11) and (6):
0y = 2.38 +~0.46 x 1073 eV K! for the reduction of the barrier
height (d¢p/dT) and effective barrier height at room tempera-
ture (T = 293) = 0.82 eV.6!

TEM images show local inhomogeneity in the barrier
(Figure 2a) that most likely causes spatial potential fluc-
tuations and thus leads to an effective barrier increase with
temperature.*?] Yet, this effect seems to be dominated by band
narrowing (Varshni shift®), which can be explained by two
causes. First, semiconductors show a higher band-narrowing
coefficient at temperatures above room temperature, along with
a decrease in local inhomogeneities. Second, the presented
studies show an unusually high band-narrowing coefficient,
which is considerably larger than observed by Sakai et al.[%3]

Since transport mechanisms such as field emission and
trap-assisted tunneling strongly depend on the effective bar-
rier height, they become dominating charge transport mecha-
nisms, as illustrated by the increase of the ideality factor with
decreasing effective barrier height. Furthermore, at low temper-
atures, the ideality factor would be expected to approach unity,
since superimposed charge carrier transport processes would
cancel out.

An effective barrier height of 0.746 eV, determined from
the Richardson plot (Figure 6¢), is in agreement with the effec-
tive barrier height calculated from the I — V data. The estimated
Richardson constant of A* = 1.18 x 10° Am™ K24 is in good
agreement with the usually used value 1.20173 x 10° Am2 K2
Small deviations from the commonly used value of
1.20173 x 10° Am~2 K2 should not affect the calculations, since
the barrier height is not particularly sensitive to a deviation in
the Richardson constant (Equation (6), a 100% increase of A*
at room temperature will only cause an increase of 0.018 eV in
#5.*1 A correction of the previously calculated barrier heights
with the newly determined Richardson constant would there-
fore barely impact the result.

As shown in Figure 6d, the current follows an Arrhenius-
typel®! temperature dependence at all voltages according to

_Ea
Y o Axe T (13)
P
where A is the pre-exponential factor and E, is the activation
energy. The temperature data can be fitted using a single linear

Adv. Electron. Mater. 2023, 2201227 2201227 (8 of14)

AD
ELECTRONIC
MATERIALS

Open Access,

www.advelectronicmat.de
function, indicating only one activation energy for the entire
temperature range investigated here. This indicates the pres-
ence of a single potential barrier.

From the inset in Figure 6d, it can be seen that the activa-
tion energy decreases with increasing applied voltage which
may be due to the lowering of the potential barrier. The zero-
field activation energy E4(E =0) = 1.21 eV can be calculated from
Figure 6d.1°0%] Since the investigations are in a stationary voltage
and temperature range, the determined activation energies can
be understood as the barrier height of a single potential barrier.

As the temperature increases, the band gap decreases along
with the built-in potential. The reduction of the built-in poten-
tial affects the width of the SCR and thus causes an increase
in capacitance with increasing temperature (Figure 6e, inset).
Alternatively, the capacitance increase can be attributed to
a change in the charge states of electron traps in HfO, fol-
lowing an SCR narrowing. This change would have a great
influence on the SCR width due to the lack of charges. This
last hypothesis is the most probable since indications of sur-
face states can already be found in the voltage-dependent
capacitance characteristics.

3.3. Verification of ImpSpec Parameters

Since a derivation of the results from an AC to DC configura-
tion is valid for the EC elements of the serial resistor and the
diode, a first model can be created from the previous analysis.
Since the previously shown I — V curve (Figure 2b) already
shows a diode reach-through due to the high reverse cur-
rent, the diode model with serial resistance is extended by the
dimensionless transfer coefficient 0.l This transfer coefficient
is then fitted by the quasi-static I — V curve. The resulting cur-
rent of this model is described as:

a(V—(R;T)q) (1-o)(V—(RsT)q)

I=I;x(e ™T —¢ ™I ) (14)

The reverse current I is defined in Equation (5). For the fit
of the static I — V curve, the parameter o is varied in the range
0 < a< 1, while R, and n are set to 12 kQ and 3.71, respectively,
as previously determined from the ImpSpec-analysis. From the
static I — V curve, we focus on the data recorded in the LRS
(Figure 7) as they allow for a wider range of positive voltage
values to be used for fitting without considering the memristive
set behavior, which is not implemented in this model. From the
fit, shown in Figure 7, a reach-through parameter of 0.77 can
be determined. A fit of the data presented in Figure 7, taking
into account an additional current transport by thermionic-
field emission in addition to the assumed transport by thermi-
onic emission, according to Rideout,*! showed no agreement.
Thus, we can conclude that the fitted ideality factor refers to
a generation of charge carriers within an SCR and not to the
division of the current between thermionic emission and
thermionic-field emission.

An adequate description of the charge carrier transport for
stationary states of the device is obtained by fitting with the
function described in Equation (14), thus confirming that the
current is dominated by a diode interface for the DC case. In
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Figure 7. Fit of the quasi-static | — V curve of the LRS of a memristive
device with Equation (14) and extracted ImpSpec parameters in a semi-
logarithmic plot.

addition, we are able to determine a reach-through parameter
that, together with the ideality factor, provides information
about the imperfection of this diode.

To further characterize the memristive device, a deeper
understanding of the switching mechanism is required, as dis-
cussed in the following section.

3.4. Non-Stationary Analysis

Applying a voltage above 1 V can cause a resistance change in
the memristive device. A distinction is made between a short
and long-term resistance change. Hansen et al.?® attribute a
short-term change in the state of a similar device to charging
and discharging of interfacial trap states, while long-term reten-
tion is associated with ionic motion.

To gain insight into the mechanisms involved in the non-
stationary region, two different DC voltages (1.2 and 2.1 V) are
applied to the device in the HRS while ImpSpec is carried out
at 1 s intervals. Such a TR-ImpSpec has two main advantages.
First, slow time constants that would otherwise be outside the
detection range can be resolved since slow kinetic processes
are not able to follow the frequencies. Second, saturation pro-
cesses can be tracked. This methodology allows a combined
investigation in the frequency and time domain within a
single measurement.

The impedance spectra presented in Figure 8 indicate a
change in the differential resistance R, for a low setting voltage
(1.2 V) measured after applying the voltage bias 1 and 30 s.
The complex plane plot of higher setting voltage (2.1 V) shows
a second semicircle with a positive imaginary part, which is
often misleadingly referred to in the literature as an “induc-
tive” feature and therefore called “inductive loop.”®® Splitting
the impedance characteristics into quadrants shows that the
additionally occurring time constant 7,,, must be consider-
ably smaller than that of the already observed Schottky-like
interface. From the part of the impedance with a positive phase
shift, a transition to a smaller total resistance can be obtained,
starting with a time constant of 7,,,,, = 107 s going down to 10~
s after roughly one second at 2.1 V.

Adv. Electron. Mater. 2023, 2201227 2201227 (9 of 14)
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Figure 8. Nyquist TR-ImpSpec graphs showing an “inductive” loop after
applying a) 1.2V for 1and 30 s, and b) 2.1V for 1 and 30 s.

Such impedance behavior is often found in memristive
device analyses, regardless of whether they display binary or
analog switching,B1% and is most commonly attributed to
memristive switching. The “inductive” loop decreases when
the memristive devices change from the HRS to LRS. Such
behavior can be seen in the TR-ImpSpec of the examined mem-
ristive device. Usually, the additional semicircle in memristive
devices is explained as an inductivityl®® or mem-inductivity.!
However, inductance in such memristive thin-film systems
is inconceivable, simply because of the geometric conditions.
Implementing windings of an inductance of corresponding
size (>10 mH), in a multi-layer system of about 10 nm thick-
ness, is physically impossible.

A much more appropriate assumption was made by Taibl
et al.” who studied epitaxial StrTiO; thin films (100-413 nm)
at temperatures between 325 and 700 °C employing ImpSpec.
In this work, an “inductive” loop is found which affects the
overall resistance of the thin film and shows a dependency on
the applied DC-bias. Taibl et al. discuss an additional imped-
ance feature showing as a semicircle in the complex plane plot
as a frequency-dependent transport process of charged car-
riers that is responsible for a varying resistance Z,,,, which
can either be positive or negative depending on the resistance
change direction.l'¥] Like every transport process, this follows
the Boltzmann equation and consists of a resistance R,,,, and a
capacitance C,,,,, needed to mathematically model this slower
process. Consequently, the RC element must have a negative
sign if it is used for the modeling of the “inductive” loop. The
transfer function of this slow resistance changing process can
be defined as:

1
Flo)= (15)
+ chmemRmem

Thus, an “inductive” loop can be defined as a decrease in

resistance over time under an applied voltage that follows
slow frequencies, and in our case describes the kinetics of the
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slow setting process. Bou and Bisquert!!l already predicted the
existence of a time-dependent resistance reduction in their
memristive device modeling approach together with three dif-
ferent general EC memristor models, which are analogous to
the assumptions made by Taibl et al. The model developed in
this work is in agreement with both aforementioned models
but extended by the sensitive Schottky-like interface and a
geometric capacitance. Similar to the stationary analysis, the
Schottky-like contact is affected by device switching. It is there-
fore evident that the RC element of the Z,,,, slow process is
in series with the Schottky-like contact. As a result, the EC
diagram, created with the results of the stationary impedance
measurement, can be expanded by adding Z,,,,, represented
by an additional RC element (see Figure 8). The extended EC
is thus close to an EC developed by Yan et al. in 2010, which
describes the memristive switching of a binary switching
memristive device with an additional RC-Element. However,
the interpretation and relevance of the individual EC elements
is somewhat different, since Yan et al. analyzed a filamentary
switching memristive device ion movement as memristive
cause.[%%]

To gain further insights into the physical processes related
t0 Zyem an additional modified TR-ImpSpec measurement
is carried out. For this measurement, a device in the HRS is
used and set to the LRS, while impedance measurements are
acquired under different bias voltages. As sketched in Figure 9,
the measurement series consists of 30 alternating read
(0.6 Vjiss/1.8 s) and set measurements (2.1 V);,,/0.3 s), starting
with a read measurement to determine the initial state (HRS)
of the device.

In addition to the time-dependent resistance reduction
occurring at low frequencies, two further time constants of the

Vbias
A
I
Al
Set |
@21V |
|
Read
@0.6V
== -
185 03 time

Figure 9. Principle sketch of the measurement sequence of a TR-ImpSpec
experiment for a read voltage (0.6 V) and a set voltage (2.1V). I) Sketch of
the impedance data of the read voltage which show a single time constant
with negative phase shift, while (Il) sketch of the impedance data of the
set voltage reveal a further time constant with positive phase shift. The
blue curve describes the beginning of the measurement sequence (start
interval), whereas the red curve describes a later interval of the sequence.
A total of 13 measurement points were recorded for the set voltage and
another 13 measurement points for the read voltage. A visualization of
the impedance data together with the fits can be found in Supporting
Information S5.
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Figure 10. Resistance decay over time extracted from TR-ImpSpec and
displayed in a semi-logarithmic plot. The measurement sequence con-
sists of 15 set pulses, each combined with a read pulse. a) R,, ; resistance
change at 0.6 V over time fitted with a second order exponential decay
(red) for the corresponding EC. b) R, 1y and —R,,,,, variation over time at
2.1V fitted with a first order exponential decay for the corresponding EC.

setting mechanism can be identified. These can be determined
by transient analysis of the impedance spectra at set and read
voltages. In addition, this method can be used to obtain infor-
mation about the arrangement of the EC elements. Thus, a
serial arrangement of the memristive elements in the EC can
be directly inferred instead of a parallel one. The impedance
data of the EC element R, ;y captured during the lower read
voltage (LV) of the TR-ImpSpec sequence follows a second-
order exponential decay over time (Figure 10a),

—x —x

Y — YO + aiﬂlmv‘LV + a;;ww,HV (16)

where the time constants 7,y =716 ms and 7 ;v =84 ms can
be extracted from the transient analysis. For the set voltage, the
previously mentioned feature of a positive phase shift for low
frequencies can be observed (Figures 8 and 9). Therefore, the
EC is further extended by the RC term defined in Equation (15).
The transients of the two EC elements —R,,,, and R, ;;y meas-
ured at a higher set voltage (HV) can be fitted by a first-order
exponential decay.

—-x

Yy=Yotar (17)

The two time constants Ty vy = 112 ms and 7y, v = 798 ms
are derived from —R,,,, and R, gy in the transient analyses
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Figure 11. Retention measurement at 500 mV for the status sensitive
differential resistance R, over a period of 8 h displayed in a double loga-
rithmic plot, and fitted with a biexponential growth.

(Figure 10b). These results match the quasi-static I — V meas-
urements of the memristive devices, where the voltage ramp
time changes from 4.8 V s7! to 480 mV s, strongly influencing
the magnitude of the switching process (Figures S3 and S4,
Supporting Information).

A comparison of the transient analyses for the read and set
measurements show excellent agreement between the deter-
mined time constants g gy and Ty, 1y as well as 7y, gy and
Tyow,rv. This shows that an increased voltage makes it possible
to separate two processes occurring at lower voltages and com-
bined within R, 1y

Retention measurements are conducted to relate the time
constants of the set process to the resetting of the device back
to its initial state. For these measurements, the initial HRS of
the memristive device is first determined, before setting the
device in the LRS using a positive voltage ramp. Subsequently,
the temporal state change is studied with a 0.5 V read pulse.
The change in the R, s/ R, pgs ratio over time during the reset
process is shown in Figure 11.

From the biexponential fit of the retention measurements,
two time constants 7,; = 133 s and 7, = 896 s are determined.
When comparing the time constants for the set processes
(Tyerfust) AN (Teer o) and the back drift (7,) and (7,,), the same
scale factor of three orders of magnitude lies between the
respective processes (Table 2). This suggests that both the slow
and fast set process are caused by similar phenomena.

Since indications of surface states were found in the capaci-
tance analysis of the impedance, the measured time con-
stants are assigned to electron traps. The time constants for

Table 2. Extracted time constants from transient analysis of set and
back drift process.

Constants LV, [ms] HV,; [s] Retention [s]
Tolow 716 798 896
Tast 84 12 133
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the electron discharging from defects at an energy E, below
the conduction band E( can be described using the Shockley—
Read-Hall model™ as follows:!

1 Ec.—E,
T, = e 18
NCGV,;, xp( kBT ) ( )

with N as effective density of states, o as capture cross section,
and v, as average carrier thermal velocity.

A twofold time constant in a current transient for dis-
charging of electron traps was previously reported for Si/SiO,
junctions.? The existence of two time constants for switching
into the LRS and drifting back into the HRS can be attributed
to an energetic and spatial distribution of electron traps.”3! The
same scale factor between the two-time constants for switching
and drifting back suggests that the electron traps can be sepa-
rated into two types, with different discharging prefactors and
the same exponential factors. Since both the density of states
and the thermal velocity of the charge carriers can be assumed
to be constant at the same temperature, this observation can
be attributed to a change in the capture cross section. Possible
spatial distribution of electron traps between bulk HfO, and the
HfO,/Al,0; interface would affect the capture cross section and
thus lead to a dispersion of the time constants for the capture
and discharging of electrons. If the expected electron trap
depth is determined from the retention measurement using
Equation (18) with the following parameters: N¢ = 10° cm=34l
o =18 x 10" cm?5/2.4 x 10715 cm?,76) v, = 3.7 x 107 ™ 7
two different electron trap capture cross sections are assimed
for the switching processes in the HfO, layer. The electron
traps with o = 1.8 X 10 cm? are expected to be located in the
bulk of the HfO, and are responsible for a short storage time,
while the traps with o, = 2.4 X 107 cm? are supposed to be
located at the interface with the Al,0; and maintain the state
over a longer time scale. An evaluation of the amplitudes of the
biexponential fits shows a clear majority of the traps located in
the bulk with a 4 to 1 ratio compared to the interface traps. This
conclusion assumes spatial non-uniformity and does not con-
sider spatial energetic non-uniformity. A trap depth of about
0.89 eV, which is between those of 0.6 and 1 eV previously
reported for HfO,-based memristive devices, ¥ can be directly
correlated to double positively charged (V5* = 0.9 eV) oxygen
vacancies.’®! The formation of such defects in the HfO, can
potentially be explained by high energetic negatively charged
oxygen ions in the sputter process plasma,””! with a density of
p = 10" cm~3 in the physical vapour deposition processes.2%

Furthermore, the consistency with the Shockley—Read—Hall
model (Equation (18)) indicates an exponential dependence of
the Boltzmann factor, which would not be expected according
to Fick’s diffusion laws for the movement of ions.8!

The conclusion of this ImpSpec study and the proposed phys-
ical model are in good agreement with those of the companion
paper Zahari et al.?%l Both analyses provided strong evidence of
electron trap charging and discharging being the cause of the
memristive switching process and concluded on their influence
on an SCR. Additionally, the spatial arrangement of the SCR
and electron traps can be inferred from the results of Zahari
et al.?l Since depth-resolved HAXPES measurements reported
by Zahari et al.l?°l (Figure 5c) show an increase in the binding
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Figure 12. Model of the memiristive device in terms of the spectroscopy
methods used. Top: Complete EC of the memristive device in spatial
order determined by ImpSpec. Bottom: Band diagram determined by
HAXPES proposed by Zahari et al.?l (Figure 7).

energy of the HfO, layer toward the Au electrode, the forma-
tion of an SCR with an n-type semiconductor inside the HfO,
can be excluded. TEM investigations reveal a mixture of Nb,Os
and NDbO, in the partly oxidized back electrode (Figure 2a)), sug-
gesting that the Schottky-like behavior described in detail in this
work originates from the SCR located in the NbO,. This is fur-
ther reinforced by replacing the Nb with Hf, leading to signifi-
cantly different -V characteristics (Figure 6b in Zahari et al.%)).

Combining both observations lead to a physical model
depicted in Figure 12 along with a sketched band diagram of
the memristive device. A rough Schottky-like transition at the
NbO,/AL,O; provides a parallel superposition of the capaci-
tances of the SCR and the bulk oxide. The flow of charge
carriers through the double oxide layer is enabled by a large
number of shunt resistors at thinner junction parts, which can
be modeled as a serial linear ohmic component. Z,,,,, serves
as a description of the differential resistance representing the
charging and discharging of traps in the HfO,, in turn influ-
encing the space charge of the Schottky interface. The SCR in
the NbO,, is affected by this net charge change in the HfO, layer
and thus acts as an amplifier for the charging and discharging
of electron traps. This can be described as a trap-assisted field
effect that alters the Schottky barrier height. Thus, the exist-
ence of an SCR is necessary for a high LRS/HRS ratio in the
switching behavior of such a memristive device. A possible
further development of the memristive components described
here, which with high probability also have a positive influence
on the poor temperature stability, can be found in section 3.3 in
Zahari et al.[2¢]

4, Conclusions

In summary, we show that the ImpSpec analysis of memris-
tive devices offers a comprehensive understanding of the
state-sensitive interfaces and their functionalities. Using PD-
ImpSpec at room temperature and under heating, a single
barrier due to an imperfect Schottky contact is identified, with
a SCR sensitive to the state of the device. Furthermore, we
present evidence of electron traps by examining the capacitance
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analysis and the interconnection between the time constants of
switching states and relaxation, as a dependency on the Boltz-
mann factor is revealed.

The occurrence of an “inductive” loop in the non-stationary
analysis is correlated to the switching state of the device.
Employing TR-ImpSpec together with retention analysis, the
kinetics of this state-switching process are described in more
detail, revealing the contribution of two processes. The time
constants ratio of these processes inferred a common trap
depth or species (Vg*) with different capture cross sections.
Therefore, trap-assisted field-effect altering the SCR is identi-
fied as the dominant switching mechanism for the HfO,-based
memristive device investigated here, which behaves like an
amplifier for the charge state change of the traps. The ImpSpec
results are in good agreement with the HAXPES and TEM
experiments presented by Zahari et al.?%! and combining both
allows to construct a more complete picture of the physical
process.
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