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Abstract

The further development of today’s memory technologies faces several technological barriers,
which yields the demand for new approaches. One emerging memory type that has the
potential to overcome these barriers is the valence change memory (VCM), which may also
be usable for neuromorphic applications or in-memory computations. In VCM devices, the
information is stored within different resistive states, namely a high resistive state (HRS) and
a low resistive state (LRS), which can be programmed with electrical stimuli. The transition
from the HRS to the LRS is referred to as SET and the opposite transition as RESET.

In this thesis, the SET and RESET times of TaOy-, ZrOy-, and HfO,/TiO-based VCM
devices were studied in the time regime from 50ps to 100ns. Signals in this time regime
contain high frequency components in the gigahertz regime. The signals require proper
impedance matching up to the VCM device, which are, therefore, integrated into coplanar
waveguide (CPW) structures. Nevertheless, an integrated VCM device constitutes a parallel
plate capacitor with a considerable electrical charging time, which delays the measured SET
and RESET times.

To estimate the electrical charging time, an experimental approach was used, with which
the time-dependent effective voltage at the VCM device could be determined. This approach
used the Fourier transformation of the applied voltage pulse and the VCM device’s scattering
parameters. From the resulting effective voltage at the VCM device, the electrical charg-
ing time of all tested VCM devices was determined. The results indicate that conducted
optimizations of the CPW structure decreased the electrical charging time significantly and
allowed fast measurements on a sub-100 ps time scale.

By employing dedicated hardware and integrating this hardware into a software, the mea-
surements could be automated. This allowed collecting comprehensive data sets on the
SET and RESET kinetics of the tested VCM devices and, thereby, allowed resolving their
transient resistance on a picosecond time scale.

The measured SET kinetics revealed that all studied devices can switch within 50 ps from
the HRS to the LRS. To the author’s knowledge, this is the fastest switching time reported
for VCM devices. By comparing the SET kinetics of differently sized TaOy-based VCM
devices and using the determined electrical charging times, it could be shown that the SET
kinetics of VCM devices in the subnanosecond regime are mainly limited by the electrical
charging time. The migration of mobile donors (e.g. oxygen vacancies), which limits the
SET kinetics on slower time scales, and the heating time of the VCM device have only a
minor influence.

Achieving similar fast RESET times proved to be more difficult. In all studied VCM
devices, the coexistence of a unipolar switching mode could be shown. This unipolar switch-
ing mode is triggered at higher voltages, which would be required for faster RESET times.
Nevertheless, on some HfO,/TiO-based VCM devices 50 ps fast RESET times could be
measured repeatedly. From these kinetics measurements, RESET programming windows
could be determined and, finally, approaches were derived to achieve faster RESET times.
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Kurzfassung

Die Weiterentwicklung heutiger Speichertechnologien sieht sich mehreren technologischen
Hiirden konfrontiert, wodurch die Nachfrage nach neuen Anséitzen wéachst. Ein neuer Spei-
chertyp, der das Potenzial hat, diese Hiirden zu iiberwinden, ist der Valenzwechselspei-
cher (VCM), welcher auch fiir neuromorphe Anwendungen oder In-Memory-Berechnungen
verwendet werden kann. Bei VCM-Zellen ist die Information in verschiedenen resistiven
Zustadnden gespeichert, namentlich einem hochohmigen Zustand (HRS) und einem nieder-
ohmigen Zustand (LRS), der mit elektrischen Stimuli programmiert werden kann. Der
Ubergang vom HRS zum LRS wird als SET und der umgekehrte Ubergang als RESET
bezeichnet.

In dieser Arbeit wurden die SET- und RESET-Zeiten von TaO,-, ZrOx- und HfO, /TiO-
basierten VCM-Zellen im Zeitbereich von 50 ps bis 100ns untersucht. Signale in diesem
Zeitbereich enthalten Komponenten mit hohen Frequenzen im GHz-Bereich. Die Signale er-
fordern eine korrekte Impedanzanpassung bis zur VCM-Zelle, welche daher in koplanare
Wellenleiterstrukturen (CPW) integriert werden. Dennoch stellt eine integrierte VCM-
Zelle einen Plattenkondensator mit einer erheblichen elektrische Aufladezeit dar, welche die
gemessenen SET- und RESET-Zeiten verzogert.

Zur Abschatzung dieser elektrischen Ladezeit wurde ein experimenteller Ansatz verwen-
det, mit dem die zeitabhangige effektive Spannung an der VCM-Zelle bestimmt werden
konnte. Dieser Ansatz nutzt die Fourier-Transformation des angelegten Spannungspulses
und die Streuparameter der VCM-Zelle. Aus der resultierenden effektiven Spannung an der
Zelle wurde die elektrische Aufladezeit aller getesteten VCM-Zellen bestimmt. Die Ergeb-
nisse zeigen, dass durchgefithrte Optimierungen der CPW-Strukturen die elektrische Au-
fladezeit deutlich verkiirzten und damit schnellere Messungen auf einer sub-100 ps Zeitskala
ermoglichten.

Durch den Einsatz dedizierter Hardware und deren Einbindung in eine Software konnte
der experimentelle Aufbau so erweitert werden, dass Messungen automatisiert durchgefiihrt
werden konnten. Dies ermdglichte die Erfassung umfangreicher Datensatze zur SET- und
RESET-Kinetik der getesteten VCM-Zellen und es wurde dadurch méglich, deren transienten
Widerstand auf einer Zeitskala im Pikosekundenbereich aufzulosen.

Die gemessene SET-Kinetik ergab, dass alle untersuchten Zellen innerhalb von 50 ps
vom HRS in den LRS schalten konnen. Nach Kenntnis des Autors ist dies die schnellste
Schaltzeit, die fiir VCM-Zellen berichtet wurde. Durch den Vergleich der SET-Kinetik von
unterschiedlich groflen TaO-basierten VCM-Zellen und der Verwendung der berechneten
elektrischen Aufladezeiten konnte gezeigt werden, dass die SET-Kinetik von VCM-Zellen
im Sub-Nanosekundenbereich hauptsachlich durch die elektrische Aufladezeit limitiert wird.
Die Migration von mobilen Donatoren (z.B. Sauerstoffleerstellen), welche die SET-Kinetik
auf langsameren Zeitskalen limitiert, und die Aufheizzeit der VCM-Zellen haben nur einen
geringen Finfluss.

Die Realisierung ahnlich schneller RESET-Zeiten erwies sich als schwierig. Bei allen un-
tersuchten VCM-Zellen konnte die Koexistenz eines unipolaren Schaltmodus gezeigt wer-
den. Dieser unipolare Schaltmodus tritt bei hoheren Spannungen auf, welche fiir schnellere
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RESET-Zeiten erforderlich wiren. Dennoch konnte mit einigen HfO, /TiO4-basierten VCM-
Zellen, 50 ps schnelle RESET-Zeiten reproduzierbar gemessen werden. Aus diesen Kinetikmes-
sungen konnten RESET-Programmierfenster erstellt und Ansétze entwickelt werden, um
schnellere RESET-Zeiten zu realisieren.



Acknowledgments

The work at hand was only possible with the support of many people, to whom I would like
to say: Thank you!

Firstly, I would like to thank Prof. Rainer Waser for allowing me to pursue my Ph.D. at
his institute and for creating a constructive, multi-disciplinary, and international working
atmosphere.

Secondly, I would like to thank Prof. Negra for agreeing to be the co-examiner of my thesis.
I thank my first supervisor Dr. Ulrich Bottger for the excellent supervision, constructive
discussions and also for giving me the freedom to realize new ideas. I also acknowledge his
contributions to the joint publications and advices in LT Spice.

I also thank my second supervisor Dr. Stephan Menzel for the excellent supervision, es-
pecially for teaching me much about ReRAM devices and assisting me with interpretation
of the experimental results and also for his contributions in the joint publications.

To my predecessors Dr. Viktor Havel and Dr. Karsten Fleck I am thankful for providing
me operational and state-to-the-art setups, for the excellent knowledge transfer, and for their
contributions to the joint publications.

I thank Tyler Hennen for programming py-ivtools, assisting me with the measurements of
the unipolar SET voltage, teaching me much about programming in python, and giving me
advices for fast measurements.

I thank Sebastian Walfort for supporting me with the analysis of the scattering parameters.
[ thank Dr. Andreas Kindsmiiller for fabracting many TaO,- and ZrOy-based devices and
his suggestions on how to realize faster RESET times.

I am grateful to Carsten Funck for helping me with the simulations in Comsol.

Many people were involved in the fabrication of the devices which were used in this thesis.
Therefore, I would like to thank Erdoglija Daliborka, Petra Grewe, René Borowksi,
and Alfred Steffen for fabricating the TaO,- and ZrO-based devices.

Also, T would like to thank Alexander Hardtdegen, Felix Ciippers, and Stephan
Aussen for fabricating the HfO-based devices.

I thank Dr.Xuan Thang Vu for fabricating PCM devices and instructing me how to
measure them.

[ thank Dr. Susanne Hoffmann-Eifert, Dr. Vikas Rana, and Prof. Martin Salinga for
granting the resources, with which the devices could be fabricated.

I thank Jan Liibben for giving me advices on measurements of scattering parameters and
capacitances.

I am thankful to Fenja Berg and Dr. Michael Liibben for the joint fast measurements
on FeRAM and ECM devices.

I am thankful to Stefan Wiefels, Christopher Bengel, and Sebastian Siegel for giving
me the opportunity to contribute to their works.

I am grateful for the support of the student research assistants Erik Wichmann, Alexan-
der Idt, Lena Hellmich, Brigitte Baumkotter, Sergej Liberda, Cornelia Hohl,
Milena Zuric, and Georg Wendorf.

vii



viil

More explicitely I want to thank Artem Zaidman and Stefan Leisten for fabricating
the crossbar ZrO-based devices and for conducting kinetic and endurance measurements on
them.

I thank Udo Evertz, Marcel Gerst, Giesela Wasse, Jochen Heiss, Hartmut Piitz,
Dagmar Leisten and Peter Roggels for technical support.

For helping me with my figures and teaching me how to use the Adobe Illustrator, I thank
Thomas Possinger.

Furthermore, I would like to thank Martina Heins and Maria Garcia for the great ad-
ministrative help and support.

I thank Dr. Alvaro M. Martir and Dr. Florian Merget from the Integrated Photonics
institute (RWTH) for providing the Agilent Technologies N5245A VNA and consulting me
with regard to frequency domain measurements.

[ thank the teachers Dr. Carole Veldman-Genz, Reinhard Oechtering, and Pal Dosanj
of the CDS courses I attended, for helping me to improve my soft skills. I also want to thank
Prof. Joachim Mayer, Dr. Oana Cojocaru-Mirédin and Thomas Czirnich for orga-
nizing the CDS courses.

More explicitly I want to thank Leyla Haferkamp for teaching me in scientific writing and
for proof reading the introduction of my thesis.

I thank Dr. Bernd Brinkmeier, Ingo Brinkmeier and Jan Willmann from the SYM-
PULS GmbH for fabricating a customized pulse generator, with which the fast and auto-
mated kinetic measurements became possible.

I would like to thank my office mates Johannes Mohr, Dr. Alexander Schonhals,
Dr. Jonathan Rupp, Dr. Daniel Bick, and all other colleagues at the IWE 2 and
the PGI 7 for contributing to a good working atmosphere.

I thank Tiziana von Witzleben for proof reading my thesis.

Finally, I thank Jenny, my family, my friends and my soccer team Bierunion West for
the life besides work.



Contents

[ntroduction| 1
(1. Fundamentals| 5
(1.1. Memory types| . . . . . . . . . )
[1.2. Redox-based resistive random access memory|. . . . . . . . . . .. ... ... 8
................................... 8

[1.2.2. Valance change memory| . . . . . . . . . ... ... ... ... .... 9

[1.2.3.  Nonlinear switching kinetics of VCM devices| . . . . . . ... ... .. 10

[1.3. High frequency domain| . . . . . . . . . . . . ... ... ... 11
[1.3.1. Transmission-line theoryl . . . . . . . . . .. ... ... ... ... .. 12

[1.3.2. Experimental approaches|. . . . . . ... ... ... ... L. 13

[1.3.3. Scattering parameters| . . . . . . . ... ... .. ... ... ... .. 16

[1.3.4.  Fourier transformation of a square pulse| . . . . . . . ... ... ... 18

[1.4. Electrical charging time of VCM devices| . . . . . . . ... ... ... .... 19
4.1, Otherworks . . . . . ... .. ... ... .. 19

[1.4.2. Measures for electrical charging timef . . . . . . . . . ... ... ... 20

[2. Experimental Methods| 23
[2.1. Experimental setup| . . . . . . . . ... 23
2.1.1. Kinetic measurements . . . . . . . . . . ... .. ... .. 27

[2.1.2. Automation of kinetic measurementsl . . . . . . .. ... ... .. 29

[2.1.3. Frequency-domain measurements| . . . . . . . . .. .. ... ... .. 32

2.2, Evaluation methodsl. . . . . . . . ... . ... 35
[2.2.1. Determination of switching time|. . . . . . . . . . ... ... ... .. 35

[2.2.2. Determination of eftective voltage at the DUT| . . . . . . ... .. .. 40

3. _Devicesl 49
[3.1. Fabrication| . . . . . . . . .. 49
[3.2. Characterizationl . . . . . . . . . . . . ... ... 53
B21. TV characteristics . . . . . . . . .. .. 54

[3.2.2. Capacitances| . . . . . . . . . . 55

[3.2.3. Scattering parameters| . . . . . ... ... 58

[3.2.4. Electrical charging times| . . . . . . . . ... ... ... ... ... .. 64

[3.3. Optimization| . . . . . . . . . . . .. 71

72

72

73

4, SET kinetics of VCM devices 75
[4.1. Influence of capacitances on SE'T kinetics|. . . . . . . . ... ... ... ... 75
[4.2. SET kinetics on a sub-10-ps timescalef. . . . . . . . ... ... ... ... .. 7

W21, Tad and Zrl devicesd . . . ... ... ... ... o000 78



5. RESET kinetics of VCM devices
[5.1. RESE'T kinetics of TaO,- and ZrO-based devices| . . . . . . . .. ... ...

[5.1.1. Sub-100ns time regime| . . . . . . . ... ...
[5.1.2. Time regime from 50ps to 250ps| . . . . . . . . . . ... L.
[5.1.3.  Endurance of unipolar switching mode| . . . . . . . . ... ... ...
[5.1.4. RESET programming window| . . . . . . ... .. ... ... .....
[5.2. RESET kinetics of HfO,\TiOy-bilayer devices| . . . . . . .. ... ... ...
[5.2.1. RESET and unipolar SET voltage]. . . . . . .. ... ... ... ...
[5.2.2. Time regime from 50ps to 250ps| . . . . . . . . . ... L.
[5.3. Optimizations for faster RESET times . . . . . . ... ... ... ... ...
[5.3.1. Lowering the RESET voltage] . . . . .. ... ... ... ... ....
[5.3.2. Increasing the unipolar SET voltage. . . . . . . ... ... ... ...
[>.4.  Analogy to switching times in PCM devices| . . . . ... ... ... ... ..

6. Outlook
[6.1. Determining and optimizing the RESET speed lmit|. . . . . ... ... ...
[6.2. Future applications| . . . . . . . . ...
[6.2.1. Neuromorphic applications| . . . . . . . ... ... ... ... .....
I!i.2,2, l;[ S&yil(?lll .................................
[6.3. Other memory technologies| . . . . .. ... ... ... ... ... ......
[6.3.1.  Electrochemical metallization memory| . . . . . ... ... ... ...
[6.3.2. Phase change memory| . . . . . . . . .. ... ... ...
[6.3.3.  Ferroelectric switching| . . . . . . . ... ... ... L.

Conclusion

ACronyms

[A.  Fabrication protocols| . . . . . . ...

100
109
112
115
115
118
125
125
125
127

129
129
131
131
134
135
135
135
136



Introduction

One of the skills that made humans the most dominant life form on earth is our ability to
pass on information to future generations. Passing on information requires both a medium,
in which the information can be stored, and a code or language, which can be decoded and
understood by future generations. More than 35,000 years ago, the first information were
passed on in the form of cave paintings, which still help us today to understand how humans
used to live at that time [1]. The information was coded as image, which is the most accessi-
ble form of coding an information. It is, however, challenging to describe more sophisticated
topics, theories or methods only in images. Therefore, around 5,300 BC first fonts were de-
veloped and engraved in walls or stone plates |2]. A prominent example are the Egyptian
hieroglyphs, which were used from 3,200 BC [3]. After 2,000 BC first alphabets were devel-
oped and resulted, among others, in the Latin and the Greek alphabet [4]. Descendants
of both alphabets are still used worldwide today [5]. So approaching Year Zero, languages
and fonts allowing precise coding of information existed, however, they were still engraved
in stone plates. This was disadvantageous because the writing time of the information was
slow and the information density (or storage density) on the stone plates was low. A better
medium is paper, which was invented around 105BC in China [6}[7]. As it is easier and
faster to write with ink and as paper weighs less than stone plates, this invention accelerated
the writing times and increased the storage density. The invention of the modern letterpress
by Gutenberg in 1,450 AD accelerated the writing times even further [8]. Newspapers and
books were printed in larger quantity and became available to a broader spectrum of the
population. In the 18th century, information was for the first time stored digitally in form
of punched cards [9]. It took, however, up to the early 1970s until information were stored
digitally on a larger scale.

At that time, magnetic (floppy drive disks) and electrical memories (Dynamic random
access memory — DRAM) improved writing times and storage density by orders of magni-
tudes [10,/11]. Modern floppy drive disks had a storage capacity of 1.44 megabyte, which
corresponds to more than 700 written pages. The information in today’s memory technolo-
gies is still stored digitally. Developments in the device fabrication have made it possible
to store information in nanometer-sized memory cells and thereby improved writing times
and storage density even further [12,/13]. Today’s long-term memory technologies like Flash
have writing times down to tens of nanoseconds and can store more than one terabyte on

a small device, corresponding to millions of books [14}[15]. This progress has extended the



2 INTRODUCTION

field of application of these memories. Only a small fraction is used to store information in
text-form. More storage capacity is used for images, videos, computer games, and other ap-
plications. Also science and industry require large storage capacities because their acquired

data and calculations have become more and more complex [16].

In view of the impressive progress made during the last century, the question arises as
to why do we need to further improve memory technologies — especially regarding writing
times. This development is necessary for both science and industry, as illustrated by the
following examples. The first is the Large Hadron Collider in Geneva, which allows physi-
cists to address many fundamental questions about the universe and the matter of which
everything is built. Their experiment comprises 150 million sensors, which detect particles
40 million times per second [17]. No technology can store this amount of data; 99.9 % of the
sensor’s detections are, therefore, immediately discarded [18]. Nevertheless, the collected
data amount to more than 200 petabytes annually [19] and are evaluated by more than 170
computing centers around the world [20]. The second example is the realization of robotic
systems, such as autonomously driving vehicles. To participate in traffic, an autonomously
driving vehicle needs to perceive information about its environment from all angles. For this
purpose, various sensors and cameras are installed [21]. For fast reactions of the vehicle,
these sensors and cameras collect data several times per seconds. As these data also include
high definition images, they can amount to up to one gigabyte per second [22|. Thus, de-
veloping faster memories is not only about improving private computers, smartphones and

other electronic devices, but also about supporting scientific and technological projects.

Faster devices already exist: the most prominent example is the dynamic random access
memory (DRAM), which has writing times down to 50 nanoseconds [14}/15]. However, the
retention time of today’s fastest memories is very short and the stored information is lost
within fractions of seconds. To preserve the information, it is read and rewritten in short
intervals, i.e. for DRAM every 64 milliseconds [15[23]. For this purpose, the device requires
a power supply. As soon as the power supply is turned off, all information is lost. Today’s
computers are mostly based on the von Neumann architecture, which means that the central
processing unit (CPU) and the main memory are spatially separated [24]. This decelerates
the data transfer between CPU and memory significantly and is referenced to as memory
bottleneck [25]. Transistor-based memories (cache) are integrated into the CPU to bypass
this issue. As these memories have large feature sizes, their fabrication costs are high and
their storage density is low. Even the cache of state-of-the-art processors can store less
than 100 megabytes [26,[27]. In-memory-computing or on-chip memory would remove this

limitation.

Among other emerging non-volatile memory technologies, redox-based random access
memory (ReRAM) [28-31] fulfils all requirements of long-term memories. Its information
is saved as different resistive states, which are programmed using electrical stimuli. The

transition from a high to a low resistive state (HRS and LRS) is referred to as SET process



and the opposite transition as RESET process. In contrast to today’s long-term memories,
the writing times of ReRAMs are significantly faster [32-39]. Also, the storage of more than
one bit per device is possible [40,41]. This not only enables a higher storage density, but
it also makes ReRAM compatible with neuromorphic applications [25,42,/43]. These appli-
cations aim to adopt calculation processes of the human brain [44] and have the potential
to considerably decrease the power consumption of processing units as well as to improve
artificial intelligence. ReRAM has also the potential for in-memory computations, which
would eliminate the memory bottleneck [25,43]. Evidence for writing times of less than
100 picoseconds in ReRAM devices has already been presented [34]. The determination of

the absolute writing speed limit, however, remains an experimental challenge.

This thesis investigates the limits of writing times of valence change memory (VCM) and
is structured in six chapters. The active switching materials of the devices are TaOy, ZrOy
and HfO,. The first chapter, gives an overview of emerging memory technologies and then
summarizes the theory and models of VCM devices with emphasis on their writing times.
Additionally, intrinsic mechanisms and technological issues that could limit writing times are
explained. Fast electrical measurements comprise frequencies in the gigahertz regime, which
increases the requirements on the experiment. For this purpose, the theory of transmission

lines and waveguides is also elucidated.

The second chapter describes the experimental setup for kinetic measurements in the
regime between 100 nanoseconds and 50 picoseconds. The setup could be automated, which
made it possible to collect comprehensive statistics on the switching kinetics. Signals in the
subnanosecond regime require proper impedance matching, which has to be provided from
the signal source to the VCM device, which therefore needs to be implemented in a coplanar
waveguide (CPW) structure. Also, an approach was developed which allows determining the

effective electrical stimulus on the VCM device by using its scattering parameters.

The investigated VCM devices are presented in chapter [3] To improve the electrical
charging time, which delays the measured writing times, a mask for the optical lithography
process has been designed, in which the overall size of the CPW structure and the size of the
integrated VCM device has been decreased, compared to previous masks. The devices were
characterized with regard to their IV -characteristics, capacitance, scattering parameters and
finally their electrical charging time. Comparing the electrical charging times revealed that

the devices fabricated with this mask can be charged faster by one order of magnitude.

The results of the SET kinetics are shown in the fourth chapter. Here, the SET kinetics
of devices with different capacitances are compared. The SET kinetics of all devices bend to
slower writing times in the regime below 10ns. It could be proven that this bending is due
to the electrical charging of the devices. SET times of 50 ps were measured with all devices.
By collecting a large data set with the automated setup, the transient change in the devices’

resistance could also be resolved on a picosecond timescale.



4 INTRODUCTION

Achieving comparable fast RESET times proved to be more difficult, as shown in chapter 5]
The coexistence of a unipolar switching mode hindered faster RESET times in many devices,
and constitutes an intrinsic RESET speed limitation of VCM devices. This results in RESET
programming windows, which are compared to the SET programming window of phase
change memories (PCMs). Nevertheless, some HfO, /TiOx-based devices could be switched
repeatedly from the LRS to the HRS within 50 ps. This observation could be linked to the
unipolar SET voltage, which is highest for the HfO,/TiOy-based devices.

In chapter [0, possible future experiments in the fast regime are suggested. They are needed
in parts to achieve a better understanding of the unipolar switching mode and to determine
the intrinsic speed limit of VCM devices more precisely. Also, neuromorphic applications
could be realized on a subnanosecond timescale. Finally, it is shown that other emerging

memory technologies have the potential for similar fast writing times as VCM devices.



1. Fundamentals

This chapter starts with an overview of the state-of-the-art memory technologies. Also, the
necessity for new technologies and their requirements to become marketable is elucidated.
Afterwards, this chapter focuses on ReRAM devices (especially on the VCM type) as they are
relevant for this thesis. The underlying physical mechanisms, responsible for the switching
process, are explained. Chapter[1.2.3] focuses on the kinetics of ReRAM devices, i.e. the
dependence of the writing time on the applied voltage, and lists their possible speed limits.
Studying the switching speed in the sub-nanosecond regime increases the requirements on
the experiment. The involved electrical signals comprise frequencies in the GHz regime.
Their preservation requires high frequency components and proper impedance matching at
all interconnects. Chapter[I.3] therefore, treats the theory of microwave transmission-lines

and elucidates experimental techniques.

1.1. Memory types

Most of today’s computer are based on the von Neumann architecture, in which the CPU
is separated from the main memory [24,25]. To perform calculations, the CPU stores
data in the main memory, for which usually DRAM is used. The information is stored in
capacitors, which can be charged in two different directions, corresponding to the logical "0’
and ’1’. Although DRAM has fast writing times down to 10ns [14}/15], the capacitors start
discharging as soon as the applied voltage is turned off. Therefore, the information needs to
be rewritten every 64ms [15,[23]. Accordingly, DRAM is classified as volatile memory.

To store data permanently today’s computers are equipped with additional long term
memory type, which has a retention times of ten years or more. Thus, it is classified as
non-volatile memory. Most prominent examples of non-volatile memories are the hard disk
drive (HDD) and the solid state drive (SSD). The information in HDDs is stored in magnetic
in-plane domains on the disk. To access these domains, the disk is rotating and a movable
arm brings the read-write head to the targeted domain. As the rotation speed of the disk
only amounts to several thousand rounds per minute, the read and writing times of HDDs
are above 1ms [14]. Due to the power consumed by the rotator and the movements of the
arm, HDDs require the most energy for read and write operations compared to other broadly

used memories [14].



6 CHAPTER 1. FUNDAMENTALS

The memory technology used in SSDs and USB (Universal Serial Bus) drives is Flash. The
information is stored as electrical charge in a metal-oxide-semiconductor (MOS) structure.
Similar to MOS-field effect transistors the electrical charge induces an electrically conducting
channel in the semiconductor. The presence of the electrical charge, therefore, corresponds
to the logical '1’ and its absence to the logical ’0’. Although flash-based memories have a
good retention over more than 10 years, their writing time of down to 50 ns cannot compete
with DRAM ([15]. Storing or removing the electrical charge in the MOS structure requires a
voltage of over 10 V. Consequently, the energy consumed per write operation is the second

highest among state-of-the-art memories and the endurance is comparable low .

The difference in the writing time of Flash and DRAM is about a factor of 1000 ,
which is also illustrated in fig.[I.1l The gap between these two memory types is referred
to as memory gap, as the fastest non-volatile memory is significantly slower than state-of-
the-art volatile memories. Also, the production costs of volatile memories are higher. This
is due to their larger feature sizes compared to the ones of non-volatile memories, which
have a higher information density . A memory that would fill this gap is referred to as
storage class memory. Several emerging non-volatile memories are likely to overcome this
gap . Among them are ReRAMs, which are relevant for this thesis and explained in
section [1.2] Other prominent candidates are ferroelectric random access memory (FeRAM),
spin-transfer-torque random access memory (STTRAM), and phase change memory (PCM)

which are briefly summarized in the following.

Writing time Cost per bit
L 1ns CPU

SRAM
— 10ns DRAM
— 100ns Storage Class

Memory
— 1ms

Storage
— 10ms (HDD/SSD)

Figure 1.1.: llustration of memory gap. Adapted with permission from © Copyright (2016)
The Japan Society of Applied Physics.
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Ferroelectric random-access-memory

The functionality of ferroelectric random access memory (FeRAM) is similar to Flash, which
uses an electric charge to modulate the conductivity of a semiconductor [46]. FeRAM, on
the other hand, employs the ferroelectric polarization to change the conductivity of the
semiconductor. For this purpose, a ferroelectric layer (usually PbZr,Ti;_,O3 [47]) is placed
between the gate electrode and the semiconductor. The direction of the polarization can
be programmed by electrical stimuli to the gate electrode. FeERAM has a very low switch-
ing power due to its low leakage current [46]. Additionally, it has an endurance of up to
4-10' cycles [48] and fast writing times down to 20ns [49]. The scalability is so far limited
to 22nm [50] and the ferroelectric film thickness can be thinner than 5nm for HfO,- or
ZrOx-based devices [51].

Spin-transfer-torque random-access-memory

Similar to ReRAM and PCM devices, the information in spin-transfer-torque random-access-
memory (STTRAM) is stored in an HRS (logical ’0’) and in an LRS (logical '1’) [52]. A
typical device has three vertically stacked layers in which the upper and lower layers are
ferromagnetic (e.g. Co, Ni or Fe). The layer in the middle constitutes a magnetic tunnel
junction (e.g. AlOy or MgOy). The magnetization’s direction of the lower ferromagnetic layer
is pinned and the one of the upper ferromagnetic layer is free. An antiparallel orientation
of the ferromagnetic layer results in the HRS and a parallel orientation in the LRS. The
information is driven by inducing spin-polarized currents, which can flip the magnetization
of the upper free ferroelectric layer. STTRAM has the potential to achieve an endurance of
up to 10 cycles [53] and writing times down to 120 ps [54]. A scalability down to 22nm

has been demonstrated [55].

Phase change memory

Phase change memory (PCM) can also be programmed in an HRS and an LRS by applying
electrical stimuli [56,57]. It is usually operated in a unipolar switching mode, which means
that the device’s SET occurs at the same voltage polarity as its RESET. It is realized
by placing a chalcogenide glass (acting as active material) between two metallic electrodes
either in a vertical stack [58] or in a lateral structure [59]. In the HRS, the active material
is usually in an amorphous state. During the SET operation a current is induced, which
heats up the active material by Joule heating, which allows it to crystallize, driving the
device in the LRS. To RESET the device a higher voltage is applied, which increases the
Joule heating further and the chalcogenide glass starts to melt. By abruptly reducing the
applied voltage, the active material is melt-quenched into an amorphous state again. The
fastest observed RESET times amounts to 200 ps [60] and the fastest electrically measured
SET time to 550 ps [61]. By preheating, SET times down to 500 ps were observed [62], and
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optical measurements suggest SET times down to 1ps [63]. The highest reported endurance

amounts to 10'? cycles [64] and the smallest scaled device amounts to 7.5nm [65].

1.2. Redox-based resistive random access memory

1.2.1. Types

In redox-based resistive random access memories (ReRAM) the information is also stored in
an HRS and an LRS, which can be programmed by applying electrical stimuli. Electrochem-
ical reactions and the migration of mobile ions are responsible for a change in the devices
resistance [28,/66]. Three types can be distinguished: electrochemical metallization memory
(ECM), thermochemical memory (TCM) and wvalence change memory (VCM). All types
consist of a metal-insulator-metal stack, in which the insulator is an ionic conductor. All of
the three ReRAM types usually require an initial electroforming step in which typically a
relatively high voltage amplitude is applied to the device, during which an electronically con-
ducting filament is formed within the insulator. To prevent the devices from taking damage
during this electroforming step, the current is limited either by an active current compliance
or a resistor in series.

In ECM devices, one of the electrodes consists of an electrochemically active electrode
(e.g. Ag or Cu) and the other electrode is inert (e.g. Pt) [67,68]. ECM devices are usually
operated in a bipolar switching mode, which means that the SET and RESET operations are
conducted with different voltage polarities. During the SET, a negative voltage is applied
to the active electrode, which initiates redox reactions, forming positively charged metallic
ions. These ions drift, subsequently, towards the inert electrode at which they are electrically
reduced and, consequently, form a metallic bridge. The device is now in the LRS. During
the RESET, a positive voltage is applied to the active electrode and attracts the metallic
ions (after they were reoxidized). The metallic bridge is thereby destroyed and the device is
back in the HRS.

TCM devices usually consists of two symmetrical electrodes (e.g. Pt) and an ion conduct-
ing insulator (e.g. NiOy) [69]. The switching mode is unipolar. Opposite to the unipolar
switching mode of PCM devices, higher voltage amplitudes are applied during the SET than
during the RESET. During the SET, a current is induced, which increases the device’s tem-
perature and thereby increases its electrical conductivity, leading to a thermal runaway. The
significant increase in temperature within the conducting path facilitates redox reactions,
leading to a thermodiffusion of oxygen anions into the surroundings of the conductive path.
The remaining oxygen vacancies remain in the conductive path and act as n-type donors,
which permanently decreases the device’s resistance and, consequently, brings the device to
the LRS. Relatively high currents are required to achieve successful unipolar SET operations

and, therefore, relatively high current compliances around 1 mA are used [70]. The RESET
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is achieved by applying a lower voltage than during the SET without current compliance,
which attracts the oxygen vacancies towards the negatively charged electrode. This results
in a rupture in the conductive path, bringing the device back to the HRS.

In this thesis, only VCM devices were investigated, which are therefore explained more

explicitly in the following section.

1.2.2. Valance change memory

Valance Change Memory (VCM) devices usually consist of two asymmetric metallic elec-
trodes sandwiching a transition metal oxide layer (e.g. TaOy, ZrOy, or HfO,), which con-
stitutes the active switching layer [66]. One of the two metallic electrodes is oxygen affine
(e.g. Ta) and referred to as ohmic electrode and the other one is inert (e.g. Pt) and referred
to as active electrode (AE). The devices’ resistance is modulated by rearranging mobile
donors, which form a conductive filament within the active switching layer [28]. Several
spectroscopic studies could detect a movement of oxygen vacancies [71-73]. Also, the move-
ment of other metallic ions has been observed [74-76]. The conductive filament is assumed
to be very narrow, having a diameter of only 1nm to 4nm [77,|78]. This is close to the
smallest realized sized VCM devices of 2 x 2nm? [79).

If the device is in the LRS, this conductive filament ranges from the ohmic electrode to the
active electrode, which decreases the device’s resistance. The RESET is realized by apply-
ing a positive voltage to the active electrode. The positively charged oxygen vacancies are,
consequently, repelled from the active electrode and drift towards the ohmic electrode. The
resulting rupture in the conductive filament brings the device to the HRS. The SET is real-
ized by applying a negative voltage to the active electrode. The oxygen vacancies are, thus,
attracted towards the active electrode, which closes the rupture in the conductive filament.
Finally, the device is again in the LRS. In simulation models, the part of the conductive
filament close to the active electrode is referred to as disc, having a varying concentration of
oxygen vacancies, and the remaining part as plug, having a constant concentration of oxygen
vacancies [80,81].

Another operation mode of VCM devices is the so-called “eightwise” switching mode,
which has been demonstrated in several devices [82-84], including TaO-based devices [85].
The LRS of the eightwise switching mode corresponds to the HRS of the “counter-eightwise”
switching mode. Different to the counter-eightwise switching mode, the SET occurs at
positive voltages and the RESET at negative voltages (applied to the active Pt electrodes).
In case of the eightwise RESET operation, the applied voltage is lower than the counter-
eightwise SET voltage and drives the device to a higher HRS. The eightwise switching
mode originates from an oxygen exchange between the active Pt electrode and the oxide,
which could be resolved with spectroscopic measurements [82]. This oxygen exchange, and

consequently also the eigthwise switching mode, could be suppressed by introducing oxygen
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blocking layers, such as C [85] or Al;O3 [83], between the Pt electrode and the oxide. Another
switching mode is the area-depend mode (or non-filamentary) switching mode [86], which
has for example been observed in Prgs5CagsMnOs-based devices [87].

In this thesis, TaOy-, ZrOy-, and HfO, /TiOx-based VCM devices were studied. For TaOj-
and HfO,-based devices an endurance of 10'2 and 10? cycles has been proven, respectively
[88,89]. For ZrO,-based devices, the highest measured endurance amounts to 107 cycles [90].
The fastest reported SET and RESET times amount to 85 ps [34]. It could be shown that
both the SET (see chapter 4)) and the RESET (see chapter [5|) operation can be conducted
within 50 ps. Achieving reproducible results for the RESET was, however, difficult due to the
presence of a unipolar switching mode, which is attributed to the presence of two switching
modes, VCM and TCM, within the tested TaOy-, ZrOy-, and HfO,/TiO-based devices.
Karkkaenen et al. have shown for ZrO,-based devices that the LRS of the unipolar switching
mode is metallic, while the LRS of the bipolar switching mode is semiconducting [91]. A list

of unipolar and bipolar devices with metal oxides as active switching layer is given in [92].

1.2.3. Nonlinear switching kinetics of VCM devices

The voltages applied during the readout of the device’s resistance are significantly lower, than
the voltages applied during the SET and the RESET operations. This results in a need for a
long data retention at low voltages and fast switching times at high voltages [93] (also referred
to as wvoltage-time-dilemma [28]). Overcoming the voltage-time-dilemma can be realized with
devices, which have a strong nonlinear dependence of the SET and RESET times on the
applied voltage. It was shown that the SET time depends indeed strongly nonlinearly on
the applied voltage in the broad range from 250ps to 10*s [37]. A strong nonlinearity was
also observed for the RESET kinetics [35,94]. Consequently, it is possible to address the
voltage-time-dilemma with VCM devices.

This strong nonlinearity in the SET and RESET kinetics results from the thermally accel-
erated drift of oxygen vacancies. This drift is facilitated by Joule heating occurring within
the conductive filament during the SET and the RESET operation [80,094,95], which could
also be observed experimentally [96-99]. An overview of the involved processes limiting the
SET and RESET kinetics is given in [36,56].

Two exemplary studies are shown in fig. [1.2] In the first study (see fig. [I.2a]), a 2D finite
element model (FEM) of a SrTiOs-based VCM device was built. The results show that the
strong nonlinearity of the SET kinetics origins mainly from the thermally accelerated drift
of oxygen vacancies [80]. In the second study [95], a nanometer-sized heater was used to
heat a TaO,-based VCM device within 40 ns to temperatures up to 787 K. The SET kinetics
were measured at different temperatures showing a strong acceleration of the SET time with
increasing temperatures by almost 6 orders of magnitude, which supports the simulation

results from [80].
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(a) Taken with permission from [80] © 2011 (b) Taken with permission from [95] © 2017
WILEY-VCH Verlag GmbH & Co. KGaA, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Weinheim.

Figure 1.2.: Two studies of the thermal influence on the SET kinetics of VCM-based devices. In
(a), a 2D FEM simulation model showed that the acceleration of the SET kinetics can
only be explained by a temperature increase within the conductive filament. In (b),
this temperature dependency could be proven experimentally.

At slow timescales (above 10ns), both SET and RESET Kkinetics are limited by the temper-
ature accelerated drift velocity of oxygen vacancies [80,94]. At faster timescales the capacitive
charging (see section and the heating of the filamentary region of the VCM devices
become relevant [36] for the SET kinetics. It is shown in chapter that for filamentary

VCM devices the main limitation down to 50 ps origins from the capacitive charging [100].

1.3. High frequency domain

Measuring fast writing times requires fast signals, which comprise high frequencies (referred
to as radio frequencies (RF)). High frequencies imply short electrical wavelengths, which
becomes an issue, if the wavelength becomes shorter than the length of the considered
transmission-line |101]. In this case, the voltage varies over the length of the transmission-
line and is treated with the transmission-line theory, which is presented below. The phase
velocity and the skin depth are also elucidated, as they are relevant for the thesis at hand.
Later in this section, the relevance of this theory for experiments on VCM devices in the RF
frequency range is elucidated and the definition of the scattering parameters is given at the

end. The argumentation in this section is based on [101].

The Maxwell’s equations are of crucial importance for applications in the RF regime,
as they yield the solution for the propagation of electromagnetic waves in different media.
Consequently, RF signals can also be described by waves. The Maxwell’s equations also
yield the solution of the phase velocity and the skin depth. The phase velocity, vy, is defined

as the speed, with which an electric field propagates through a medium:
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c
Vy = . 1.1
Ve (L)

Here, c is the speed of light, €, the relative permittivity and g, the relative magnetic per-

meability of the considered medium. As the inner conductor of a cable is surrounded by a
nonmagnetic dielectric, the relative permeability can be approximated as one p, ~ 1. The
relative permittivity of the cables’ dielectric amounts to €, = 1.7 [102]. According to eq.[L.]
this results in a phase velocity of v, = 2.30 - 108 m/s; which corresponds to about 3/4 of the
speed of light c.

The skin depth, dg, is defined as the depth, at which the amplitude of a signal is attenuated

[ 2
55 = W_W7 (12)

in which w is the angular frequency, u = pu,.uo the permeability of the conductor, pu, its

by a factor of e~!. It is described by

relative permeability, po the vacuum permeability, and o the electrical conductivity of the
conductor.

In this thesis, the conductors consist of Pt, which is not magnetic (x4, = 1) and has a high
electric conductivity of o = 9.52 - 1058/m at 20°C [103]. According to eq. [1.2] this results in
a skin depth of 63 = 816 nm at a frequency of 40 GHz.

1.3.1. Transmission-line theory

A transmission-line can be separated in infinitesimal pieces Az with a series resistance per
unit length R, a series inductance per unit length L, a shunt conductance per unit length G,
and a shunt capacitance per unit length C'. All these quantities are illustrated in fig. The
incoming signal is characterized by its voltage v(z,t) and its current i(z,t), which depend
on the location in the transmission-line z and on the time ¢. By means of the Kirchhoff’s

laws, two differential equations can be derived:

i(z, f) i(z+Az, 1)
—_— —
o AAA—N o
+ RAz LAz +
v(z, t) GAz = CAz v(z+Az 1)
o o
Az

Figure 1.3.: Infinitesimal piece Az of a transmission-line. The quantities are described in the main
text. Taken with permission from [101] © 2012, 2005, 1998 by John Wiley & Sons, Inc.
All rights reserved.

di(z,t)

v(z,t) — RAzi(z,t) — LAz g

—v(z+ Az, t) =0, (1.3)
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ov(z + Az, t)
ot

By dividing these equations by Az and approaching Az as close to zero, the telegrapher’s

i(z,t) — GAzv(z + Az, t) — CAz —i(z+ Az t) =0. (1.4)

equations can be derived:

ov(z,t) , iz, )
5 —Ri(z,t) — L 5 (1.5)
di(z,t) ov(z,t)

These equations are solved explicitly in [101] by using sinus-shaped signals for v(z,t) and
i(z,t) with an angular frequency w and an amplitude of V" and I, respectively. Only relevant
solutions for the thesis at hand are shown. This is for once the equation of the characteristic

impedance, Zy, of a transmission-line:

R+ jwL
Zo =, — 27" 1.7
TV G e (17)

and if the transmission-line is terminated by a load impedance of Zy,, the equation for the

reflection coefficient, T
U_(t) . ZL — ZO

- U+(t) - ZL—|—Z()7

(1.8)

in which v (¢) represents the incoming voltage and v~ () the reflected voltage. This solution
shows the importance of proper impedance matching of Z; = 502 at every connection in the
experimental setup, as improper impedance matching would yield reflections of the incoming
signal.

These two equations are of high importance, as they help to estimate the voltage that is
effectively applied to the device under test (DUT), which is in this thesis always a VCM de-
vice. The voltage at the device Vpyr is given by the sum of the incoming and reflected
voltage. By inserting eq. for v~ (t), it can be shown that Vpyr(t) also depends strongly
on /i, and Zy:

Vour(t) = vt () + v (t) = 20 (2) 2L

t) e 1.9
7 1 7 (1.9)

This solution will be used in the following sections to estimate Vpyr.

1.3.2. Experimental approaches

Most studies on the kinetics of VCM devices use pulse generators and cables with an
impedance of Zy = 50€). VCM devices, however, have higher resistances, even in the LRS
(Zy, > 1kQ). In this case (Z1, > Zp), eq.[L.8 simplifies to I' = 1, meaning that the entire
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signal at the device is reflected. According to eq.[I.9] the voltage at the device is twice the
voltage of the incoming voltage Vpur(t) = 207 (¢).

After the pulse reaches the DUT, its reflection propagates from the DUT back to the pulse
generator. The time it takes, for the pulse to propagate from the pulse generator to the DUT

is referred to as tgetup:

l
tSetUp = C;ble. (1.10)
P

Here, lcaple is the cable length. If the pulse width is twice as long as tgewup, the incoming
and reflected pulse superimpose at every point in the cables and the voltage, consequently,
amounts to twice the adjusted voltage.

By assuming a cable length of lc,pe = 1 m and using the permittivity of the used cables
6 = 1.7 [102], eq. 1.1} and eq. [I.10] tgernp amounts to 4.35ns. Kinetic measurements on
VCM devices can, therefore, be separated into two time regimes: A slow regime, in which
the kinetics above 10ns (2tgetup ~ 101ns) are investigated and a fast regime, in which the

kinetics below 10ns are investigated.

Pulse generator D.U.T. Oscilloscope

(a) Only DUT connected.

Pulse generator D.U.T. Oscilloscope

(b) DUT and 50€2 input of the oscilloscope connected.

Figure 1.4.: Setups used in the slow regime.

In case of the slow regime, it is possible to calculate voltages and currents at the de-
vice with direct current (DC) rules. As most pulse generators and oscilloscopes have 5052
connectors, one can assume their internal resistance to 508 (see ﬁg.. Internally, the
generated voltage corresponds to twice the adjusted voltage by the user (Vp). In case of
a load resistor with 50¢2 connected to the pulse generator, this would constitute a voltage
divider with two 50Q-resistors. Consequently, half of the internally generated voltage (2Vp)
would drop over the device (Vpyr = Vp). The DUT, however, has a much higher resistance
(Rput > 50Q2) and, therefore, the internally generated voltage (2Vp) drops entirely over the
device (Vpur =2Vp). Kinetic studies using this approach are taking this factor of two into
account [104,/105].
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Other studies investigating the switching kinetics of VCM devices in the slow regime, split
the signal after the 50€2 output of their pulse generator in two (see ﬁg. [40,180,,/106}(107].
This approach is also used for studies on PCM devices [107]. One end is connected directly
to a 50Q2 input of the oscilloscope. Thereby, the external resistance amounts to 502 and
only half of the internally generated voltage (2Vp) drops over the device (Vpur = Vp).
The measured voltage at the oscilloscope (Vo) corresponds to the voltage at the DUT
(Vose = Vp). The other end is connected to the device, which is connected to another 502
input of the oscilloscope. Both approaches of the slow regime are summarized in table [1.1]
In the fast regime, the DC rules do not apply anymore. Here, the equations of section[I.3.]]
are applicable. Similar to above, the impedance of the pulse generators and oscilloscopes
is 50€2. Also, all components (cables, connectors, etc.) have a characteristic impedance of
50€2 and, therefore, provide proper impedance matching. As the DUT has a high resistance,
almost the entire signal is reflected, and the voltage of the signal doubles at the DUT.

Pulse generator D.U.T. Oscilloscope

L 1z=50 20—

(a) Only DUT connected.
Pulse generator D.U.T. Oscilloscope

(b) DUT and 5052 input of oscilloscope connected.

Figure 1.5.: Setups used in the fast regime.

If the DUT is connected directly to the pulse generator (see, the voltage at the DUT
is, consequently, twice the voltage emitted by the pulse generator (Vpyr = 2Vp). Studies
using this approach, therefore, indicate twice the pulse voltage of their pulse generators in
their results [32,37,108/109].

Another approach is again, to split the signal after the output of the pulse generator and
to connect one end to the oscilloscope (see[l.5D) [32H34137,[39,[110,[111]. The pulses emitted
at the two outputs of the power splitter have only half of the amplitude as the incident pulse.
This corresponds to an attenuation of approx. -6 dB. The other end is connected to the DUT,
which is also connected to the oscilloscope. Again, the voltage of the pulse doubles at the
DUT. As this signal was halved at the splitter, the voltage at the DUT corresponds to the
voltage of the emitted pulse (Vpyr = Vp). Different to the slow regime, the voltage sampled
at the oscilloscope after the splitter corresponds only to Vsampie = Y#/2. Both approaches of

the slow regime are summarized in table [1.1]
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Table 1.1.: Summary of Vpyr and Voc..
slow regime H fast regime

Channels | 1 2 | 1 2
VDUT 2VP VP QVP VP
VOSC. - VP - VP/2

Capacitances and inductances in cables also influence the pulses emitted from the pulse
generator. Consequently, the applied signal to the device varies from the emitted one. At
every connection a part of the signal is reflected and does not reach the device. Consequently;,
every component used in the RF circuit should be chosen carefully. F. g. a 2.92mm adapter
causes already a loss of about -0.5dB at a frequency of 40 GHz [112], which corresponds to
a loss of 5.6 %. Also, cables usually have a loss between 2dB/m and 3dB/m at a frequency
of 40 GHz [102], which corresponds to a loss between 20.6 %/m and 29.6%/m. The number
of interconnects should, therefore, be minimized and short cables should be used. All RF

components used in this thesis are optimized for 40 GHz.

Coplanar waveguides (CPWs)

To minimize the impedance mismatch between the contact pads of the samples and the
probes, CPW structures are used, in which the device is incorporated [32,138,/108]. They
consist of three parallel metallic stripes (see fig.[1.6a). The inner stripe (S) conducts the
signal and the two outer stripes (G) are grounded. The advantages of CPWs are their CMOS
(Complementary metal-oxide-semiconductor) compatibility |113] and their broad bandwidth
from DC to more than 100 GHz [114]. Their characteristic impedance, Zy, depends on the
relative permittivity, €., of the substrate and on the geometry of the CPW structure, such
as the width, w, of the inner conductor, the spacing, s, between the inner and the outer
conductors and the thickness, h, of the substrate [115].

If the three metallic stripes were completely in air, the solution of the Laplace equation
would yield transversal electromagnetic modes (TEM) [101,/116]. This means that the com-
ponents of the electric and magnetic field parallel to the magnetic stripes are zero. The
derivation is shown in detail in [101]. If the substrate is considered, the solution changes as
the modes in the air (above the stripes) have a different relative permittivity than the ones

in the substrate (below the stripes) and they are, therefore, referred to as quasi-TEMs (see

fig.[1.6D)).

1.3.3. Scattering parameters

Scattering parameters, S;;, describe the transmission and the reflection of an incoming signal

v (t) at port i of a network [101]. The emitted signal at port i is referenced to as v; ().

)

The case i # j describes the transmission from port j to ¢ and the case i = j the reflection
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Figure 1.6.: (a) Sketch of a CPW structure. (b) Electric (solid lines) and magnetic fields (dashed
lines) within the CPW structure.

at port i. The scattering parameters S;;(f) are frequency dependent and indicate in case of
Si;(f) > 1 the gain or in case of S;;(f) < 1 the attenuation of the signal’s components at a
frequency, f.

AVAVATTA S S ARTAVAVA
78 AVAVA Sy S, | VU

Figure 1.7.: Conventions of the scattering parameters.

The scattering parameters, S;;(f), the inputs, V,"(f), and the outputs, V;”(f), of the
network are defined in the frequency-domain and are complex. V;"(f) and V,;”(f) can be
derived by building the Fourier transformations of the incoming signals, V" (f) = F (v (¢)),
or of the transmitted or reflected signals, V;” (f) = F(v; (t)), which are defined in the time-

domain.

The scattering matrix of an n-port network is defined as:

Vi S ... Sw\ (Vi
= o | (1.11)
V- Su oo S/ Vi

n

For a two port network (which is a ReRAM device with two contacts) the scattering matrix

simplifies to:
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V) (e Se) (M) (112
Vy Sa1 Sag Vz+

During kinetic measurements the pulses are only applied to one contact of a DUT and,

therefore, the second component of the incoming signal can be neglected (V," = 0). Conse-
quently, only two components of the scattering matrix in eq. are relevant, which are the

forward reflection Si;

S = — (1.13)
A V=0
and the forward transmission Sy
Ve
Sy = 2= (1.14)
A V5 =0

If these two scattering parameters are known, it is possible to calculate the reflection

vy (t) and the transmission vy (t) of the incoming signal v; (¢), by using the inverse Fourier
transformation of V;"(f) and V5, (f):

v () = F 1V (/) (1.15)

vy () = F (V3 (/) (1.16)

This approach is used in chapter[2.2.2] to derive the time-dependent-voltage at the device
Vpur(t), which is the sum of the incoming v} (¢) and the reflected signal vy (t), as stated by

eq.[I.9 The measurement technique to determine the scattering parameters is explained in
chapter [2.1.3]

1.3.4. Fourier transformation of a square pulse

During measurements of the switching kinetics of VCM devices, usually square pulses are
applied to the device. Calculating the effective voltage at the device requires the Fourier
transformation of the applied pulse, as explained in chapters [1.3.3] and 2.2.2] The analytic
deviation of a square pulse is, therefore, shown in the following. The argumentation is based
on [117].

An ideal square pulse, x(t), with a width, 7', can be defined as

() = { Ll =7/ (1.17)

0 [t|>T/
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The Fourier transformation of z(t) results in

~ [2sin (£F)
= \/;T (1.18)

The sinus shaped form of F(z())(f) can be seen in fig. [2.15b|in chapter 2.2.2] in which the

discrete Fourier transformation of a 10 ns square pulse is shown.

1.4. Electrical charging time of VCM devices

The voltage at the VCM device is not only influenced by cables, probes and connectors and
other components of the RF circuit. It is mainly influenced by the CPW structure and the
VCM device’s stack. VCM devices are usually fabricated on an oxidized Si wafer. This
results in an fringing capacitance with the metallic stripes of the CPW structure as top
electrode, SiO, as dielectric and Si as bottom electrode (see fig. [1.6b). To minimize the
capacitive currents, the employed Si wafers have a high resistivity of up to p > 10 kQcm [37].
Increasing the thickness of the SiOy and shortening the length of the CPW structure also
reduces the capacitance, which is shown in chapter

For VCM devices also the vertical layer stack constitutes a capacitor. Both top and
bottom electrode are metallic and the transition metal oxide in the center has dielectric
properties. As shown in chapter [3.2.4] it can take several nanoseconds to fully charge a
VCM device. Optimizing the integration of the VCM device into a CPW structure is,
consequently, equally important for the experiment as choosing a pulse generator with fast
rise times. This optimization was addressed in the framework of this thesis and the resulting

recommendations are summarized in chapter [3.3

1.4.1. Other works

That the charging of capacitances limits the measurable switching time was already shown
in previous studies, which are summarized in the following. Lu et al. have developed a
complex circuit-based simulation model, which compromises several capacitances, resistances
and also the leads’ inductances of a HfOy-based VCM device [118]. From their simulation,
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they could estimate the effectively applied voltage to the VCM device. They also conducted
experiments in which they compared the SET and RESET kinetics of differently sized VCM
devices. As the VCM devices size scales with its capacitance, they could study the influence
of the capacitance on the SET and RESET kinetics. Their results indicate that the SET
and RESET times are mainly limited by the capacitance of the VCM device’s stack. In
chapter [4.1] the SET times of differently sized VCM devices are compared, but on a much
faster timescale. The shortest SET and RESET times observed in [118] amount to 100 ns,
while in this thesis, they amount to 50 ps (see chapter and. In chapter , the electrical
charging time is estimated by using the scattering parameters to determine the rise time of
VCM devices. A similar approach was used in the model of Torrezan et al., to reproduce the
VCM device’s current response. They measured its scattering parameters up to a frequency
of 20 GHz and developed a circuit-based simulation model [32]. The simulated scattering
parameters matched the experimental ones well. With this model, they also calculated the
effective voltage at the device. However, they did not draw any conclusion on the electrical

charging time.

Vol V&I toet
113V 1.1V >10ns]
160V 1.3V 2.0ns

Current [mA]
an

2.84V 20V 60ps |
3.18V 2.2V 30ps
401V 27V 10ps |

0 5 10 15
Time [ns]

Figure 1.8.: Resulting current response of the LT Spice model used in [119] and the derived effective
voltages. Taken from [119).

In the framework of this thesis an L'T spice-based simulation model of a TaO,-based VCM
device was built and the results are published in [119]. The simulated current responses
matched the experimental ones well and also the effective voltage at the device could be
extracted. The results showed that it takes more than 2ns to fully charge the device (see
fig. . Later in this thesis, the effective voltage was determined purely experimentally with

the scattering parameters of the VCM devices. This method provides several advantages, as
explained in chapter [2.2.2]

1.4.2. Measures for electrical charging time

Several measures for the electrical charging time exist. A simple measure is the RC' time Tz

Here, a circuit with a resistance, R, and a capacitance, C', in series is assumed. Both, R and
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C' can be measured, as it has been done in [37,38] or estimated, e.g. by calculating C' using
the formula of a parallel plate capacitor. It is defined as the time until the voltage reaches
1 —exp(—1) or 63.2% of its maximum. Other measures for the electrical charging time
are the rise time (20 %-80 %) tso and the rise time (10 %-90 %) tgo. The rise time tgy (tso)
is defined as the time, the voltage requires to reach 90 % (80 %) of the maximum voltage,
starting from 10% (20 %). Further measures for the rise time exist and are summarized
in |120].

o
o

Voltage [a.u.]
o
>

o
[N]

0.0 [ i 1 1 M 1 1
-05 00 05 10 15 20 25 3.0 35 4.0

Time [a.u.]

Figure 1.9.: Illustration of the electrical charging of a VCM device using eq. The different
measures of the electrical charging time are indicated with different colors: the RC' time
Tre in orange, the rise time (20 %-80 %) tso in red, and the rise time (10 %-90 %) too
in green.

To illustrate these measures, a simplified exponential function for the effective voltage at

the VCM device Vpyr(t) is assumed, which is similar to the observed electrical charging:

Vour(t) =1 —exp (—L) , (1.19)
TRC

in which ¢ is the time and 7p¢ = 1 the normalized RC' time. Vpyr(t) is plotted in fig. ,

along with the definitions of Tgc, tsg, and tg.

The RC' time Tge is clearly the fastest measure for the electrical charging time. The rise
time (20 %-80 %) tso amounts to 1.387zc and tgy amounts to 2.207rc. As it takes forever for
eq. to reach 100 %, tgy seems to be the most reasonable measure. 7pc and tgy are far
shorter and, therefore, suggest short charging times. Therefore, tgy is used throughout this

thesis.






2. Experimental Methods

This chapter summarizes all experimental procedures and evaluation methods, which will
be used in the following chapters. It also presents improvements of the experimental setup,
which were implemented in the framework of this thesis. This is mainly the automation of the
kinetic measurements and their evaluation, which has become possible with a broadband bias
tee. It could be shown that this bias tee only decreases the amplitude of the transmitted
voltage pulse by less than 0.35% and also its impact on the measured resistance is low.
Finally, an approach is presented in detail with which the effective voltage at the device can

be determined by using the scattering parameters.

2.1. Experimental setup

The state of the setup at the beginning of this thesis is described in [121]. It consists basically
of an oscilloscope, a pulse generator, and a DUT, which was usually a VCM device. In this
thesis, the pulse generator is always connected directly to the device as depicted in fig. [I.4a]
A picture of the setup along with a simplified equivalent circuit is shown in fig. The

labels are listed below:

Tektronix DPO73304D oscilloscope [122]

Picosecond Pulse labs 2600C pulse generator [123]
Sympuls PGH pulse generator

HP 8722ES VNA [124]

Cascade Microtech EPS150RF probe station

Cascade Microtech RPP210-S/100TPI probe positioners
Motic PSM 1000 Microscope

Cascade Microtech Z40-X-GSG-150 probes [125]
Newport vibration isolation platform VIP600

e T A e e

—_
e

Computer controlling pulse generator and the oscilloscope

11. Operating components of the computer

The Tektronix DPO73304D oscilloscope (violet 1 in fig. has a bandwidth of Fpe =
33GHz and a sampling rate of fs = 10065/s [122]. Tts rise time (10 % to 90 %) Tos. can
be calculated from its bandwidth by Tos = 0339/, and amounts to 10.3ps |[120]. The

sampling time Ty of the oscilloscope can be calculated by Ts = 1/fs and amounts to 10.0 ps

23
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CPW CPW
|Z] Probe D.U.T. |Z] Probe

Pulse generator

Figure 2.1.: Picture of the experimental setup. The labels are listed in the main text. The inset
on the lower left is a simplified equivalent circuit of the experimental setup. The inset
above the microscope shows the view through the microscope on a CPW structure.
The picture of the setup was taken with the help of T. Possinger. The picture of the
CPW structure has been taken from , with the permission of AIP Publishing.

and is, therefore, suited to capture Tps.. Calculating the rise times of the employed pulse
generators requires Tog., as shown below. The higher sampling rate can also be seen as a
result of the Nyquist-Shannon sampling theorem: to detect a signal with a frequency f, it
needs to be measured at a sample rate, fs, which is at least twice the signal’s frequency
(fs > 2 f) [126}[127].

All other passive components (cables, attenuators, probes, and adapters) have a bandwidth
of 40 GHz. The HP 8722ES VNA (yellow 4) is used to measure the scattering parameters in
the range between 50 MHz and 40 GHz (see section [124]. The devices are connected
via GPIB and USB to a computer (green 10 and 11) and are controlled with the software
py—ivtoolsﬂ. The oscilloscope and the pulse generator PG5 were integrated into this software

in the framework of this thesis.

Probing system

The sample is connected with a Cascade Microtech EPS150RF probe station (orange 5 in
fig. . All other components of the probing system are labeled in orange in fig. The

1Source code at https://git.rwth-aachen.de/hennen/py-ivtools/-/tree/Witzleben
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probe station is placed on a vibration isolation platform (Newport VIP600, orange 9) to
avoid disturbances resulting from vibrations in the laboratory. The RF cables are connected
to the device with RF probes (Cascade Microtech Z40-X-GSG-150 probes, orange 8), which
also have a bandwidth of 40 GHz [125]. They are controlled with two Cascade Microtech
RPP210-S/100TPI probe positioners (orange 6). The microscope Motic PSM 1000 (orange 7)
has lenses with a magnification of 5x, 10x, and 20x. The view through the microscope onto
a sample with connected RF probes is shown in the inset of fig. 2.1 On the platform four
additionally Siiss Microtech micromanipulators with DC probes are placed, to which a source
measure unit (SMU) can be connected. This allows for precise resistance measurements of
the DUT.

Pulse generators

Two different pulse generators are used in this thesis (blue 2 and 3 in fig. . The pulse
generator PSPL2600C (blue 2) can emit single electrical pulses with an amplitude of up to
50V [123]. The polarity can be chosen and the amplitude is adjusted with a manual discrete
attenuator. The pulse width can also be adjusted between 550 ps and 100 ns. The rise time
(10% - 90 %) amounts to 359 ps. Two exemplary pulses are shown in fig. 2.2} (a) One with
the shortest possible pulse width of 550 ps and an amplitude of 1.00 V and (b) one with the
longest possible pulse width of 100 ns and an amplitude of 0.67 V.

1ok i W
0.6 4

0.8 i
2 2
o 0.6 1 o 04r - 98.06 ns R 7
@ «—> © -
-+ -+
= 04t 554 ps 4 =
2 S 02} 1
0.2F -
1 1 1 1 i 1 1 1 1 H
0.0 0.5 1.0 1.5 0 20 40 60 80 100
Time [ns] Time [ns]
(a) 550 ps pulse. (b) 100 ns pulse.

Figure 2.2.: Exemplary pulses emitted by the pulse generator PSPL 2600C with a pulse width of
(a) 550 ps and (b) 100 ns.

The pulse generator PG5 (blue 3 in fig was purchased in the framework of this thesis.
It was fabricated by the SYMPULS GmbH and has been optimized for kinetic measurements.
It can generate pulses with a fixed amplitude of 5.0V and has an adjustable pulse width
between 50 and 250 ps. Its rise time amounts to 34.5 ps. Exemplary pulses with a width of
50 ps and 250 ps are shown in fig. 2.3l The measurement was conducted by the SYMPULS
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GmbH with an Agilent 86100B oscilloscope, equipped with a remote sampling head 86118A,
providing a bandwidth of 70 GHz.

To control the pulse amplitude, fixed attenuators from Api technologies with a bandwidth
of 40 GHz are placed at the output of the PG5 pulse generator [128]. The pulse voltage after
the attenuator Vp is defined as

A[dB]
Vp =5V .10 2048, (2.1)
in which A is the attenuation in dB. The available attenuators along with the resulting Vp
are summarized in tab. 2.1} As explained in chaptefl.3.1 and [1.3.2] the voltage of the pulse

doubles at the DUT and is referred to as effective pulse voltage, Vp o, which is also listed

in tab. 2.1l

5F . 5 .
4t . 4t 1
> >
2 3t _ 4 2 3l 1
% : % 246.76 ps
o2 . 48.17 ps . 82t i
o o
> H >
1 . 1H .
0 E 0 m
1 1 1 1 1 1 1 1 1 1 1
-25 0 25 50 75 100 125 150 0 100 200 300 400
Time [ps] Time [ps]
(a) 50 ps pulse. (b) 250 ps pulse.

Figure 2.3.: Exemplary pulses emitted by the pulse generator Sympuls PG5 with a pulse width of
(a) 50 ps and (b) 250 ps. Measurement conducted by Sympuls Aachen GmbH.

Table 2.1.: List of the attenuators connected to the pulse generator PG5 and corresponding voltages.

Attenuation [dB] ‘ Ve [V] ‘ Ve et [V]

0 5.00 10.00
3 3.54 7.07
6 2.51 5.01
9 1.77 3.54
10 1.58 3.16
13 1.12 2.24
16 0.79 1.58
19 0.56 1.12
20 0.50 1.00
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Rise times of the pulse generators

The rise times of the pulse generators are determined from the measured pulses shown above.
In case of the PSPL 2600C the 100 ns pulse (see fig. and in case of the PG5, the 250 ps
pulse (see fig. is used. As the sampling time of the oscilloscope amounts to 10.0 ps,
the time and voltage arrays were interpolated with a spline function to a 0.1 ps timescale to
achieve more precise results of the rise time. Subsequently, the time the voltage requires to
reach 90 % of the maximum voltage (starting from 10 %) is determined and referred to as

Thnaes- It is defined as the square sum of all occurring rise times 7;, in the system [120]:

Tmaes =

In case of a pulse generator directly connected to the oscilloscope, only the rise time of
the pulse generator Tpg and the rise time of the oscilloscope, Togc, are relevant. Only short
cables with 2.92 mm connectors (having a bandwidth of 40 GHz) were used and are, therefore,
neglected in the calculation of the pulse generator’s rise time, Tpg. The oscilloscope’s rise
time was already derived above and amounts to Tos. = 10.3ps (10% - 90%). In case of
the PG5 pulse generator, The. amounts to 4.84 ps, because its signal was measured with a

70 GHz oscilloscope. Consequently, Tpg can be calculated by

TPG = \/ Trglaes - T(2)sc' (23)

The resulting rise time, Tpq, of all three pulse generators is summarized in tab. As
expected, the PG) pulse generator achieves the fastest rise time, which amounts to 34.5 ps.
Additionally, the rise timd—ﬂ (20 % - 80 %) is shown. The pulse generator PSPL 2600C has a
slower rise times of 359 ps. The rise time (20 % - 80 %) definition reaches significantly faster

results for both pulse generators.

Table 2.2.: Rise times of the used pulse generators.

Pulse generator | Pulse width | Tp (10% - 90 %) | Tp (20 % - 80 %)
PSPL 2600C 100 ns 359 ps 234.4ps

PG5 250 ps 34.5ps 17.8 ps

2.1.1. Kinetic measurements

In preliminary works, the SET kinetics of VCM devices were investigated in the time regime
from 250 ps to 100 ns [37,[121,|129] and in the time regime from 10ns to 10°s [81,{130/{132)].
Overall, the SET kinetics of a 15 x 20 um? Ta\TaO,\Pt VCM device (which is later referred

2The rise time (20 % - 80 %) of the oscilloscope is 0-223/F,.. = 6.76 ps [120).
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to as Tal, see tab. was measured from 250 ps to 10°s (see fig. . This

corresponds to almost 15 orders of magnitude and proved that the VCM devices can overcome
the voltage-time dilemma (see chapter [1.2.3]). This measurement serves as example for the
following explanation of kinetic measurements on VCM devices. The derivation of the SET

time, tsgT, is explained in section [2.2.1
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Figure 2.4.: SET kinetics of a Ta\TaO,\Pt device. The blue points mark the slow regime and the
orange points the fast regime. Data from .

The regime from 10ns to 10°s is referred to as slow regime (blue points in fig. .
In range from 10ns to 10°s the kinetics are strongly nonlinear and follow an exponential
function . The regime from 250 ps to 10ns is referred to as fast regime (orange points
in fig. [121]. Additional points in the fast regime were measured in the framework
of this thesis to achieve a more continuous line at the intersection of both regimes. At
about 20ns, the curve flattens due to the presence of capacitances, which originate from
the Ta\TaO,\Pt stack and from the CPW structure. The origin of these capacitances
is explained in chapter [1.4] and the influence of the capacitances on the SET kinetics is

demonstrated in chapter [4 .
v

Figure 2.5.: Measurement cycle used in the fast regime. During the green shaded area the device
is connected to the DC probes and during the orange shaded area to the RF probes.

The measurement cycle used in the fast regime is shown in fig. All voltages are
applied to the active Pt electrode of the Tal device, which is at the beginning in the HRS.
Its resistance is measured with a Keithley 2636A SMU at a low voltage (in this thesis always
at 0.2V). During this read-out (labeled as blue DC Read in fig. the Tal device is
connected with the DC probes.
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To apply a short pulse with the pulse generator PSPL 2600C, the Tal device is manually
connected to the RF probes. The corresponding pulse is marked in green as RF SET. The
width of the pulse is varied from 250 ps to 100 ns and its effective amplitude from -0.80V to
-4.5V. The transmitted voltage was measured with the Tektronix DPO73304D oscilloscope.

Subsequently, the Tal device is again manually connected to the DC probes to repeat
the resistance measurement. If the pulses amplitude was sufficiently high and its width
sufficiently long, the device is now in the LRS. Also, intermediate states can occur [37,[121].
At low pulse amplitudes and short pulse widths, the Tal device is still in the HRS. Lastly,
a DC sweep is conducted with the Keithley 2636A SMU. The sweep starts with a negative
voltage (green DC SET), which brings the Tal device to the LRS. Afterwards, the Tal
device is brought back to the initial HRS with a positive voltage (red DC RESET). The
DC sweep also serves to test the functionality of the Tal device.

Two different probes had to be used during one measurement cycle. The part measured
with the DC probes in the measurement cycle is shaded in green in fig and the part
measured with the RF probes is shaded in orange. Manually switching from the DC to the
RF probes is time consuming and requires the presence of an operator. In the following
section an approach is presented, with which all parts of the measurement cycle can

be conducted with the RF probes in an automated fashion.

2.1.2. Automation of kinetic measurements

Manually conducting the kinetic measurements is time-consuming and, consequently, pro-
hibits the collection of comprehensive data sets. To automate the setup, all signals ap-
plied to the DUT during the measurement cycle (see fig. need to be conducted with
the RF probes, which provide the necessary bandwidth for measurements in the gigahertz
regime. The measurements with the SMU were so far conducted with the DC probes. To
connect both, the SMU and the pulse generator, to the RF probes, an RF switch could be
used. This is, however, a hazardous operation, because an active element can also induce
undesired electrical pulses. As VCM devices are very sensitive, these pulses could also switch
or even destroy them.

An approach to connect an SMU and a pulse generator simultaneously to the RF probes
by using a passive component was published in the framework of this thesis [38]. The setup
of this approach is sketched in fig. 2.6, The passive component is a 40 GHz broad band bias
tee (API 8810KFM3-40 |133]), which has three ports:

1. A direct current (DC) port, serving as low pass filter and blocking high frequency
components. In the simplified equivalent circuit of fig. a coil is placed at the
DC port, having a high inductive reactance at high frequencies (Zp, ~ wL).

2. An alternating current (AC) port, providing a low insertion loss below 3dB in the

frequency range from 50kHz to 40 GHz [133]. Frequencies below 50kHz are strongly
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attenuated [133]. This is sufficient for the transmission of a 100ns pulse, as its fre-
quency content does not include frequencies below 1 MHz (as shown in fig. . In
the simplified equivalent circuit of fig. 2.6k, a capacitor is placed at the AC port, having
a low capacitive reactance at high frequencies (Z¢ ~ /wc).

3. An AC + DC port, having a broad bandwidth from DC to 40 GHz, through which

both, low and high frequencies, can be transmitted.
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Figure 2.6.: (a) Sketch of the automatized setup. The inset is a picture of the RF probes connecting
a VCM device. (b) Pulse sequence at the AC port (upper blue line), at the DC port
(middle orange line), and at the combined DC + AC port. Adapted from [38], with
the permission of AIP Publishing.

A typical measurement cycle is depicted in fig. [2.6b: the DUT is connected to the AC +
DC port of the bias tee (see fig. ), the pulse generator to the AC port (upper blue line),
and the SMU to the DC port (middle orange line). Consequently, the bias tee allows the
application of short electrical pulses with a pulse generator and the precise determination of
the DUT’s resistance using the SMU. The combined signal at the AC 4+ DC port is depicted
as lower blue-orange dashed line.

The insertion loss of up to 3dB at 40 GHz has an influence on the transmitted pulses. To
determine this influence, pulses with a width of 50 ps and 250 ps, emitted by the PG5 pulse
generator, were once directly measured with the oscilloscope and once transmitted through
the bias tee, before they were measured with the oscilloscope. Each pulse was repeated 10,000
times to achieve a profound statistic. Subsequently, the full-width-half-maximum (FWHM)
and the maximum voltage of each pulse is determined. For the FWHM’s determination the

measured voltage was interpolated to achieve more precise results. Otherwise, the precision
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of the FWHM’s result would be limited by the sampling time of the oscilloscope, which
amounts to 10.0 ps as shown in section
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Figure 2.7.: (a) Measured FWHMs of 50 ps and (b) 250 ps pulses. (c) Measured maximum voltages
of 50 ps and (d) 250 ps pulses. Blue curves correspond to the measurements without
bias tee and orange curves to measurements with bias tee.

The resulting histograms are presented in fig. 2.7, The means and standard deviations of
the FWHMs and maximum voltages are summarized in tab. The distributions of the
FWHMs of the 50 ps and 250 ps pulses are shown in fig. and fig. [2.7D] respectively. In
case of the 50 ps and the 250 ps pulses, the measured FWHM with and without bias tee is
almost identical and is within one standard deviation. The bias tee has, consequently, no
measurable influence on the FWHM.

The distributions of the measured maximum voltages of the 50 ps and 250 ps pulses are
shown in fig. and fig. [2.7d] respectively. In both cases, the bias tee shifts the distribution
to lower voltages, which results from the insertion loss. The insertion loss is, however, low
and amounts to 3.81 % in case of the 50 ps pulses and to 2.32 % in case of the 250 ps pulses.
This corresponds to an attenuation of less than 0.35dB in both cases, which is negligible

compared to other losses. For example, the insertion loss of the cables amounts to 2.52 dB/m
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at 40 GHz [102]. The low dependency of the FWHM results from the flat dependency of the
insertion loss on the frequency, which is depicted in the data sheet of the bias tee [133]. For
the kinetic measurements the preservation of the FWHM is more important than the loss in

pulse amplitude.

Table 2.3.: Calculated means and standard deviations of the FWHM and maximum voltage values
from fig.
| Adj. pulse width | Mean(FWHM) | Mean(Max. voltage)

w/o bias tee 50 ps 50.7 £ 0.9 ps 4.994+0.07V
w/o bias tee 250 ps 249.5 £ 0.9ps 5.18 £0.05V
with bias tee 50 ps 50.7 £ 0.9 ps 4.80 &£ 0.08V
with bias tee 250 ps 249.4 £ 0.9ps 5.06 £0.05V

For resistance measurements with an SMU, the leakage current between the AC and the
DC port of the bias tee is an issue. It was measured with a Keithley 2634B at different
sweep rates (see fig. . The leakage current depends linearly on the sweep rate. At a
sweep rate of 14.8 V/s the leakage current reaches 21.9 uA. Supposing a DUT had a resistance
of 100 k€2 and its resistance was read at a read voltage of 0.2V, this would result in a current
of 2.0pA. Consequently, the leakage current would be larger than the current through the
device by more than one order of magnitude and, thereby, falsify the derived resistance
values of the DUT.

To contain this issue all sweeps are conducted at a low sweep rate of 0.5 V/s, which results
in a lower leakage current of 468 nA. The VCM devices used in this thesis have always HRS
values below 100k(2 and, consequently, the leakage current is less significant. To achieve
precise results for the DUT's resistances, the measurements are conducted with a DC voltage
of 0.2V (see measurement cycle in fig. . Here, the leakage current is below 10 nA and not
crucial for detecting the VCM device’s resistance. At 100kS2 and 0.2V the current through
the device would amount to 2 uA. Consequently, the error due to leakage current would be
below 1%. This approach is also transferable to other memory types. Bias tees were e.g.
already used in studies on PCM devices [134,(135].

Automatic measurements require a software, which sends commands to measurement de-
vices and stores the measured data. For this purpose, the oscilloscope (Tektronix DPO73304D)
and the pulse generator PG5 were implemented in the software py-ivtools in the framework of
this thesis. The pulse generator PSPL 2600C has no programming interface and, therefore,

cannot be implemented.

2.1.3. Frequency-domain measurements

As shown in section [2.2.2] the time-dependent effective voltage at the device can be de-
termined with the frequency-dependent scattering parameters (explained in chapter|l.3.3]).

They are determined with a vector network analyzer (VNA), which applies signals with
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Figure 2.8.: Leakage current between the DC and the AC port of the bias tee in dependence of the
sweep rate.

different frequencies to DUTs and measures their reflected and transmitted signals. More
information on their functionality can be found in [101]. The scattering parameters are
used in chapter to determine the charging times of the investigated VCM devices. The
VNAs used in this thesis, are listed in tab. [2.4]

Table 2.4.: List of used VNAs.

VNA ‘ Frequency range
Rohde & Schwarz ZVL 9kHz - 3GHz [136]
HP 8722ES 50 MH - 40 GHz [124]

Prior to the measurement of the scattering parameters of a device, the used VNA needs
to be calibrated. In this thesis, the SOLT method is used, which stands for short open
load through. For this purpose, a calibration substrate (Cascade Microtech CSR-8 100-250
GSG) is used, which has short, open, load and through structures and is compatible with the
used RF probes (Cascade Microtech Z40-X-GSG-150) |125]. The calibration serves to detect
the losses and reflections occurring in the used cables, probes and connectors. The losses
and reflections are later considered in the measurements and only the losses and reflections
occurring at the VCM device are measured and recorded.

A microscope picture of a load structure is shown in fig.[2.9] The load structure has a 50¢2
load resistance between the Au contact pads for ground (G) and the signal (S). In case of
the short structure the ground and signal pads are short-circuited and in case of the open
structure they are isolated. The through structure consists of an almost ideal CPW with Au
stripes.

The power of the signal in all measurements is set to -3.0 dBm, which corresponds to
a power of 0.5 mW or to a voltage amplitude of 0.16V at a characteristic impedance of
502, At the DUT this voltages doubles as explained in chapter[l.3.2] As the switching
voltages of VCM devices are higher than 0.5V, the devices cannot switch during the VNA
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Figure 2.9.: Calibration substrate CSR-8 100-250 GSG with a load resistor of 50€2. Reprinted
from [125] © 2018 FormFactor, Inc. All rights reserved.

measurements. To avoid leakage currents, the VCM devices were driven to the HRS prior

to the frequency-domain measurements.

Two exemplary frequency-domain measurements conducted with the VNA HP 8722ES
are shown in fig. [2.10l The first has been conducted on a 590 um long CPW structure,
consisting of a 5nm thick Ti adhesion layer and a 30nm thick Pt layer. The width of the
inner conductor amounts to 100 um and the spacing between the inner and outer conductors
amounts to 60pm. As shown in fig.2.10a] the transmission is higher than -3.0dB at all
frequencies. At low frequencies, the signal is only slightly attenuated. The attenuation
becomes more significant at frequencies above 5 GHz and reaches -2.6dB at 40 GHz . The
bandwidth of a circuit component or oscilloscope is defined as the frequency, below which
all frequencies are attenuated by less than -3.0 dB. Therefore, the used CPW structures also
have a bandwidth of at least 40 GHz.
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(a) CPW (b) 2 x 2 um? TaO, device

Figure 2.10.: (a) Forward transmission of a CPW structure, and (b) forward transmission (blue)
and forward reflection (orange) of a 2 x 2 um? TaOy device. Adapted from , with
the permission of AIP Publishing.
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A similar CPW structure has been used in [32], consisting of a 200 nm thick Pt layer. The
forward transmission of this structure was measured over a distance of 930 um. Although,
their CPW structure is longer than the one used in this thesis (590 pm), it has a lower atten-
uation. At a frequency of 20 GHz the attenuation amounted to -1.6dB. At this frequency,
the CPW structure used in this thesis, has an attenuation of -1.9dB. The better forward
transmission in [32] is attributed to the thicker Pt layer. As shown in chapter Pt has
a skin depth of 815nm at 40 GHz and, therefore, the forward transmission of both CPW
structures would benefit from thicker Pt layers. However, if thicker Pt layers were used,

short circuits occurred in the devices used in this thesis.

In ﬁg., a frequency-domain measurement on a TaO, device (Ta3 device, see table
with a feature size of 2 x 2um? is shown. The SET kinetic measurements presented in
chapter were conducted on this device. At low frequencies the forward reflection is close
to 0dB and the forward transmission is very low, which implies that most of the signal is
reflected. This is expected, as the TaO, device has a much higher resistance than 50 €2, even
in the LRS (Rprs > 5502). As explained in chapter [1.3.2] this represents the case Zj, > Z,
in which almost the entire signal is reflected and the voltage at the device corresponds to

twice the pulse’s voltage (Vpur = 2V}).
At higher frequencies, the forward reflection decreases down to -6.2dB at 40 GHz and the

forward transmission increases up to -8.5dB. This is a result of the capacitance of the TaO
device, which forms a highpass filter. As only approximately half of the incoming signal
is reflected at high frequencies, the reflected signal differs from the incoming signal. This
also influences the voltage at the device, which is the superposition of the incoming and
the reflected signal (see eq.. This effect is taken into account in chapter , in which
the time-dependent voltage at the device Vpyr(t) is derived by using the device’s scattering

parameters.

2.2. Evaluation methods

This section, firstly, summarizes the evaluation methods, with which the SET and RESET
time can be determined. The importance of the automation of the setup (see chapter [2.1.2)
is highlighted. Secondly, this section presents an approach, with which it is possible to

determine the transient voltage at the VCM device.

2.2.1. Determination of switching time

Two evaluation methods exist, with which the SET and RESET time of VCM devices can

be determined, and are explained in the following subsections.



36 CHAPTER 2. EXPERIMENTAL METHODS

Determination from current responses

With the first evaluation method, the switching time is determined by analyzing the current
response of the device. The SET event of VCM devices occurs abruptly, which results in a
sudden current increase in their current response [37,81},[137,/138]. The time at which the
current increase starts is usually defined as SET time. The RESET of VCM devices occurs
gradually [94//132] and, consequently, a different definition for the RESET time is required. In
this case, usually the half-value time of the current decrease is used as RESET time [94}132].

This method is well suited at timescales above 100ns. Its application for the SET time
is illustrated in fig. , in which a 10ps pulse (blue) with an amplitude of -0.8 V and its
current response (red) of a Zr\ZrO,\Pt VCM device is shownf] The voltage is applied to
the active Pt electrode. At the beginning of the pulse, the absolute current is below 50 pA,
indicating that the device is still in the HRS, and after 6.14 ps the absolute current increases
abruptly to more than 250 uA, which corresponds to the SET event. These 6.14 ps are used
as SET time.
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Figure 2.11.: Exemplary determination of the SET time from the current response of a 5 x 5 um?
Zr\ZrO,\Pt VCM device. The blue curve is the applied voltage and the red curve is
the current response of the device.

At faster timescales, in the range of the capacitive charging time of the DUT, this method
becomes imprecise. This is illustrated with an exemplary measurement on the Tal device
(15 x 20um? Ta\TaO,\Pt, see tab. . Two 10ns pulsesﬁ were applied to the active Pt
electrode of the device, one with an amplitude of Vp = —4.50V and one with an amplitude
of Vp = —1.13V [37,|121}/129]. The device was driven to the HRS prior to the application
of the pulses. Fig. shows the measured current Iyje.s of the Vp = —4.50V pulse (blue)
and of the Vp = —1.13V pulse (orange) .

During the Vp = —4.50V pulse (blue curve in fig. , the Tal device switched to the
LRS. The blue dashed line marks the SET time determined at 1.7ns. It is less obvious

4The VCM device is incorporated into a 5 x 5um? crossbar structure [139}/140].
SEmitted by the pulse generator PSPL 2600C. Both pulses were measured by V. Havel. The following
analysis resulted in the framework of the thesis at hand.
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Figure 2.12.: Measured current response Iyjeas of the Tal device (15 x 20 um?, Ta\TaO,\Pt, see
tab. during a 10ns pulse with an amplitude of Vp = —4.50V (blue) and Vp =
—1.13V (orange). Capacitive current Icay (green) determined with eq.[2.5/and current
through the device Ipey (red) determined with eq. The left red dashed line marks
the SET time, determined from Ipe, and the right blue dashed line marks the SET
time, determined from Iyjeas.

than the SET event observed in fig which is due to the superposition of the increasing
current through the device, Ipey, and the capacitive current, Ic,,. Their sum results in the

measured current Iyjeas:

IMeas - ]Cap + ]Dev~ (24)

To determine Ipe,(—4.50 V), the capacitive current, I¢,,(—4.50 V), needs to be determined
first. During the Vp = —1.13 V pulse (orange curve in fig. the Tal device did not switch
and remained in the HRS. Consequently, the current through the device, Ipe,(—1.13V), is
negligible compared to the capacitive current, I¢,,(—1.13V), and the measured current at
Vp = —1.13V corresponds only to the capacitive current Iyjeas(—1.13 V) = Icap(—1.13 V).

The capacitive current is in general proportional to the change of the applied voltage
Icap ~ 9V/ot. As the rise times of the PSPL 2600C pulse generator, Tp, barely depend on the
applied voltage, Icyp, scales with the pulse amplitude 9V/a: ~ Ve/1p. As a result, the capacitive
current also scales proportionally with the pulse amplitude Ic,, ~ Vp. Consequently, the

capacitive current at Vp = —4.50V can be calculated by

—4.50V
-1.13V’

The resulting /c.p(—4.50 V) is shown in green in fig. [2.12] According to eq. the current
through the device Ipe,(—4.50 V) can be calculated by

Icap(—4.50 V) = Icap(—1.13 V) - (2.5)

Ipey(—4.50 V) = Iyteas(—4.50 V) — Icap(—4.50 V). (2.6)

The resulting Ipey(—4.50V) is shown as red line in fig. [2.12] The SET event after 1.0 ns

(marked with the red dashed line) is more obvious compared to the SET event observed in
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I\jeas(—4.50 V). More importantly, however, is the fact that the SET time determined from
Ipey(—4.50V) is 700 ps faster than the SET time determined from Iyeas(—4.50V). This
proves that at timescales in the range of the device’s capacitive charging time, it is necessary
to determine the SET time from Ipe, and not from Ilyjeas. In this example, the SET time
determined from Iyieas deviates by 70 % from the SET time determined from Ipe,. At slower
timescales, the determination from Iyie,s is also valid.

Determining the starting time of the pulse is also necessary to derive the SET time.
Unfortunately, no convention applies at timescales in the fast regime below 10ns, in which
the SET time is in the range of the electrical charging time of the VCM device. At slower
timescales usually the point at which the voltage of the applied pulse reaches 90 % of the
maximum voltage is used [81,/95/130-132] or after the capacitive peak of the current response
has passed 106} 141H143]. Both definitions cannot be applied in the fast regime, because
the VCM devices can switch within the electrical charging time, which would result in a
negative SET time. This would also be the case for the example in fig. As shown below
in section [2.2.2] it can take up to 2.54 ns to fully charge a VCM device. Instead, the starting
time has been chosen as the time, at which 20% of the capacitive current’s maximum is
reached. This definition yields slower SET times as the previous mentioned conventions,
which makes the claimed SET times less attackable.
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Figure 2.13.: Zoom into the beginning of the Zrl device’s (2 x 2um? Ta\ZrO,\Pt, see table
current response to a 100ns pulse with an amplitude of Vp = 0.8 V. The data were
smoothened with a Savitzky Golay filter. The upper horizontal dotted line marks
Iyiax, the lower one Iy, and the central one Iy, + 27/2, which corresponds to the
threshold of the RESET time. The vertical lines mark the time at which the current
begins, reaches its maximum and, falls below the threshold of the RESET time.

In the following, the determination of the RESET time is explained. A zoom into an
exemplary current response of a Ta\ZrO,\Pt device onto a 100 ns pulse with an amplitude
of Vp = 0.8V is shown in fig. 2.13] During the application of this pulse the device switched
from 1.10kQ to 656k. As shown in chapter .1.1 the current peak at the beginning
does not correspond to the capacitive current, but to the current through the device (see
fig. p.3). After its maximum at about lyax = 1.5mA (upper horizontal line), it decreases
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gradually to Iy, = 215uA (lower horizontal line). The difference is referred to as AI =
hviax — Ivin and amounts to about 1.3mA in this example. In previous studies on the
RESET kinetics, the time from the occurrence of the maximum current to the half-value
current (being Iy, +21/2, central horizontal line) is referred to as the RESET time [94}[132].
According to this definition, the RESET time would amount to 420 ps in this example.
The maximum current, however, occurred during the rise time of the pulse (approx. 359 ps)
and, therefore, shorter rise times than the pulse generator’s rise time would be possible. To
circumvent this issue, similar to the definition of the SET time, the time at which the current
reaches 20 % of Iy is used as the start of the RESET time. According to this definition,
the RESET time amounts to 760 ps. As this definition yields less attackable results, it is
used in chapter [5.1.1}

Determination using FWHM

Evaluation the SET or RESET time from the measured current has two disadvantages: he
determination of SET and RESET times is elaborate and at even faster timescales Icap
increases due to the shorter rise times of the applied pulses. Therefore, at timescales below
Ins, the SET time is usually derived from the FWHM of Iyjeas [32-34,37,[121,/129]. As the
measured FWHM can be longer than the effective SET time, this method rather determines
an upper limit of the SET time.

The SET and the RESET kinetics on a timescale below 250 ps of VCM devices (see
chapter [4 and [5)) were, therefore, evaluated with a different method, which also determines
the SET and RESET times from the FWHM of Iyeas. Different to previous studies in the
subnanosecond regime [32-34/37,121,/129], however, this method achieves more precise results
for the SET and RESET time by using a larger set of statistics. Instead of just applying one
pulse, multiple pulses are applied and their width is varied in small steps. The resistance is
read before (Rpgrs) and after (Rygrs) the application of each pulse. With this method the
change in resistance can, consequently, be determined as a function of the FWHM [38].

An exemplary measurement on the Ta3 device with this method is shown in fig. [2.14]
Pulsesﬂ with an amplitude of -1.58 V were applied to the active Pt electrode. The pulse width
was varied from 50 ps to 250 ps in steps of 5 ps. Each cycle has been repeated 10 times. The
current response was interpolated and its FWHM determined and plotted on the abscissa.
The ratio of the measured resistance before (Rygrs) and after (Rprs) the pulse’s application
is plotted on the ordinate as boxplot (each comprises 10 values). The red line connects the
median values of the boxplots.

The ratio Birs/Rrugs scatters around unity for short FWHMs; indicating that the device
remains in the HRS. At 100 ps, the device switched randomly to the LRS and at 175 ps,

the device switched always to the LRS. The occurrence of values above unity of the ratio

SEmitted by the PG5 pulse generator.
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Figure 2.14.: SET kinetic measurement on the Ta3 device (2 x 2um? Ta\TaO\Pt, see table ,
with the boxplot representation of the ratio Rirs/Rurs at different FWHMs. The
solid red line connects the median values and the vertical red dotted line marks the
SET event at 145 ps. The pulse amplitude was -1.58 V. Adapted from [3§], with the
permission of AIP Publishing.

Rirs/Ryugs is explained in chapter . The SET time is defined as the time at which the
median value of the ratio Rirs/rugs reaches values below 0.5 (marked as horizontal dotted
line). In this example, the SET occurs at 145 ps (marked as red vertical dotted line), which
corresponds to the SET time.

The procedure to determine the RESET time is in analogy to determination of the SET
time (see chapter . Again, the ratio Birs/Rygs is built for various FWHMs in the range
from 50 ps to 250 ps. Differently to the SET kinetics, the time at which Birs/rurs surpasses
the threshold of 2, is taken as RESET time.

This method has two requirements: Firstly, a large set of statistics needs to be collected,
which requires an automated setup and, also, the evaluation needs to be conducted in an
automated fashion. The automated setup presented in chapter [2.1.2| can cover the range
between 50 ps and 250 ps and the evaluation is also automated. This method also works on
slower timescales, if an automated setup is available [80}|144]. Secondly, the devices need to
remain in their resistive state after the application of the pulse, which is the case for VCM

devices.

2.2.2. Determination of effective voltage at the DUT

The bandwidth of the CPW structure is limited by the parasitic capacitances, inductances,
and the thin conducting Pt layers, which are thinner than the skin depth as explained
in section [2.1.3] In this section, an approach is presented, with which it is possible to
reconstruct the voltage that is effectively applied to the device. This approach takes the rise
and fall times of the pulse generator, the capacitances, inductances, and resistances of the
CPW structure and the integrated VCM device into account. The capacitance of the device
influences the SET kinetics significantly [37,/118], which is also shown in chapter As
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a capacitor has a characteristic charging time, the voltage of the pulse is not immediately
applied to the device and delayed on the timescale of the charging time. Consequently, the
voltage at the device is also time-dependent Vpyr(t). In addition, the rise and fall times of
the pulse generator influence Vpyr(t). Parts of this section were published in [100]. Several
studies determined Vpyr(t) by using circuit-based models [32,|118,[119]. These studies are
more elaborately summarized in chapter [1.4.1, The experimental method presented in the
following uses the scattering parameters and the frequency content of the applied voltage
pulse. By transferring the product from the frequency-domain to the time-domain, Vpyr(t)
can be obtained. Scattering parameters are explained in chapter|l.3.3 and their experimental

determination in section [2.1.3] This method has two advantages:

1. No circuit-based model needs to be developed. It takes less time to conduct a frequency-
domain measurement with a VNA than to develop a circuit-based model of a VCM

device.

2. Opposite to circuit-based models, this method does not rely on assumptions made
about the circuit. All inductances, capacitances and resistances are considered, as well
as their frequency dependence. If thin films are considered, their properties may differ

from their bulk values, which makes simulations or analytic calculations difficult.

Later in this chapter, the rise time of Vpyr(t) is extracted, which is a measure of the
electrical charging time, as explained in chapter [[.4.2] So far, no study investigating the
subnanosecond regime of VCM devices included the rise time of Vpyr(t) in their evaluation.
This method to determine Vpyr(t) is used in chapter to derive the devices’ electrical
charging times. It is also used in chapter to derive the experimental limitation of the
SET and RESET kinetics of the investigated VCM devices. Finally, this method helps
designing future experiments with CPW structures. For example, the heating time of VCM
devices could be studied and its implementation in neuromorphic applications could be
tested (see chapter . The effective voltage at the device can now be calculated before
the experiment is conducted, if the device’s scattering parameters are available.

This method is also transferable to other memory technologies such as PCM or FeERAM.
Utilizing this method requires solely the scattering parameters of the DUT in a sufficiently
broad frequency regime. This might be the only disadvantage of the presented method,
because VNAs with a broad frequency range are expensive and, therefore, not available for
many scientific groups.

The explanation in the section is illustrated with an exemplary 10 ns pulseﬂ, applied to the
Tal device [37]. Prior to the frequency-domain measurements, the Tal device was driven
to the HRS, which is at 3.0 k). Its scattering parameters are shown in fig. [3.6 This method
also works on faster timescales, as demonstrated in chapter with a 250 ps pulse.

"Emitted by the PSPL 2600C pulse generator.
8Ta\TaO \Pt, see table
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As shown in chapter Vpur(t) is the superposition of the incoming vy (t) and the
reflected pulse vy (¢), which is expressed by eq. However, a part of the signal is also
transmitted v, (t) to the other electrode of the VCM device. This reduces the effective
voltage drop over the device and needs to be considered. The overall voltage at the device

is consequently:

Vour(t) = vf (t) + oy () — vy (£). (2.7)

This approach has also been used in ,. The incoming voltage pulse v; () is measured
with the oscilloscope Tektronix DPO73304D. The determination of the reflected vy (t) and
transmitted pulse v, (¢) is more elaborate. In the following, the determination of vy (¢) is
explained in detail. The determination of v, () is in analogy to the one of vy (¢). Firstly,

the discrete Fourier transformation of the incoming signal is built:

VIT(f) = F ol (1)), (2.8)

which corresponds to the frequency content of the signal. An exemplary 10 ns pulseﬂ is shown
in fig. [2.15al, which is used as v; (). A low voltage amplitude of -0.52 V, below the switching
voltage of VCM devices, has been chosen to prevent the device from switching during the

pulse’s application.
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Figure 2.15.: (a) 10ns pulse v} (t) with an amplitude of -0.52 V emitted by the PSPL 2600C pulse
generator and (b) the absolute value of its frequency content V;"(f). The vertical
dotted line marks the bandwidth limit of the Tektronix DPO73304D oscilloscope. The
green, blue and red shaded area are explained in the caption of fig. 2.16] Adapted

from .

The corresponding absolute values of V;"(f) are shown in fig.[2.15bl As the sample rate
of the oscilloscope is fs = 100 GS/s, the highest frequency of V;"(f) is 50 GHz. The solution

of the Fourier transformation yields results at positive and negative values of f, which is

9Emitted by the PSPL 2600C pulse generator.
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referred to as double-sided spectrum, covering the values from -50 GHz to 50 GHz. As the
scattering parameters are only defined for positive values of f, the single-sided spectrum is
used, which has only positive values of f ranging from 0 to 50 GHz. This also reflects the
Nyquist-Shannon sampling theorem, according to which, only frequencies f can be detected,
which are smaller than half the sampling rate f < fs/2. The bandwidth of the oscilloscope
is limited at 33 GHz, which is marked as vertical dotted line in fig.[2.15b] The frequency
content above the bandwidth limit was not captured by the oscilloscope. The periodicity in
the low frequency regime below 1 GHz is expected, because the Fourier transformation of an
ideal square pulse yields a sinc function as shown in chapter m

Secondly, V7(f) is multiplied with the forward reflection Si;(f), which results in the
frequency content of the reflected signal V™ (f):

- _y/+
Vi (f)=Vi"(f) - Sul(f). (2.9)
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Figure 2.16.: Measurement (blue line) and interpolation (red dashed line) of the (a) absolute value
and (b) the angle of the forward reflection Sy1 of the Tal device (see table [3.1]). The
green shaded area marks the regime, which was measured with the VNA Rohde &
Schwarz ZVL3 and the blue shaded area the regime, which was measured with the
VNA HP 8722ES. The red shaded area was not measured by any VNA in this example.
The vertical dotted line marks the bandwidth limit of the oscilloscope.

As S11(f) is complex, it can be separated into an absolute value and an angle. The mea-
surement of the absolute value of Si;(f) and the angle are shown as blue lines in fig.
and fig. respectively. The measurement procedure is described in chapter [2.1.3

The sampled frequencies of V¥ (f) cover a range from 20 MHz to 50 GHz (see fig. [2.15b)).
None of the available VNAs covers this frequency range (see table . Therefore, the
frequency regime from 20 MHz to 50 MHz was measured with the VNA Rohde & Schwarz
ZVL3 (marked as green shaded area) and the regime from 50 MHz to 40 GHz was measured
with the VNA HP 8722ES (marked as blue shaded area). The frequency regime above

40 GHz is marked as red shaded area and was not measured. This regime is, however, above
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Figure 2.17.: Original signal v; () (blue), calculated reflection vl ) using eq. [2.11 (orange ) and
the calculated voltage at the Tal device Vpuyr(t) using eq. (green). Adapted
from [100].

the bandwidth limit of the oscilloscope, which is at 33 GHz (shown as dotted line in fig. m
and fig. 2.16h)). The values of V| (f) are, therefore, also strongly attenuated and not critical
for the evaluation. This is also shown in fig. in which the presented frequency regimes

are also marked accordingly.

As Vi (f) is sampled at different frequencies than Sy;(f), one of those two quantities needs
to be interpolated to the sampled frequencies of the other quantity. The interpolation of a
Fourier transformation would require the use of sinc functions [146]. Interpolating Sy;(f) is
less elaborate and is, therefore, interpolated using a spline function (see red dashed line in
fig. and fig. . As S11(f) was not measured in the frequency regime above 40 GHz
(see red shaded area in fig. and fig. , the interpolated value at 40 GHz is used in

this regime.

Finally, the inverse discrete Fourier transformation of V|~ (f) corresponds to the reflected

signal vy (¢):

vr (8) = FH V() (2.10)

Inserting eq. and eq. into eq. results in:

v (8) = FH (Fuf (1) - Sulf)) .- (2.11)

In fig. [2.17|v; () (corresponding to the original pulse) and its reflection v; (¢) (calculated
with eq. . are shown in blue and orange, respectively. The amplitude of vy (¢) is almost
identical to the one of v{ (t). This is expected, because the resistance of the Tal device
(Zy, = 1.5kQQ) is much larger than the impedance of the cables and probes (Z, = 50€2). This
corresponds to the case Zp, > Zj, in which, according to eq. , the entire signal v; (¢) is

reflected. This case is explained more elaborately in chapter [1.3.1



2.2. EVALUATION METHODS 45

The transmitted part of the incoming pulse v5 (¢) can be calculated in analogy to vy (t)
by using the forward transmission Sy; (shown in fig. |3.6b]), instead of Si;:

vy () = F 1 (Fuf (1) - Su(f)) - (2.12)

As the transmitted voltage v, (t) can also be measured, the calculated one is referred to
as Uy 1.(t) and the measured one as v, ,0,4(t) in the following. To validate the calculation
of Vpur(t), it is necessary to compare v, () With vy ,c..(¢). If the calculation is correct,
they should be identical.
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Figure 2.18.: Measured transmission v, ... (t) (blue) and calculated transmission v, . (t) (orange)
through the Tal device using eq. Adapted from [100].

In fig. bOth V3 eas () and v, (t) are shown. The applied pulse v (t) is shown in
fig. 2.15a] They both have a capacitive peak at the beginning and at the end of the pulse,
which occurs during the charging and discharging of the Tal device. As both v, .. (t) and
Uy, cale(t) are similar, the approach presented in this chapter is valid. However, the amplitude
of the capacitive peaks differs, which results from the losses occurring in the cables, probes

and connector. This is illustrated at the end of this section.

The voltage at the device Vpyr(t) is finally derived using eq. and is shown as green
line in fig. Its amplitude is almost twice the amplitude of v} (¢), which is expected,
as almost the entire signal is reflected. It takes, however, some time until Vpyr(t) reaches
its maximum. This corresponds to the electrical charging time, which is analyzed in the

following.

The rise time, Trige, (10 % to 90 %) of vy (t), vy (t), and Vpyr(t) are determined as explained
in section [2.1]for the pulse generators and are summarized in tab[2.5, For vy (t) and Viur(t),

the rise time of the pulse generator Tpg = 359 ps is quadratically subtracted:

TRise = \V T(Qjalc - TPQG (213)
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Also, the rise times of the capacitive peaks of v; ¢, (t) and vy, (t) are determined and
summarized in tab As these peaks include the high frequency part of v; (¢), they have

even shorter rise times and, consequently, Tpg cannot be considered anymore.

Table 2.5.: Calculated rise times T for vy (t), vy (t), and Vpyr. Measured rise times for vy (¢)

and Uy, Meas(t)- TRise is determined using eq.
VOltage ‘ TMeas ‘ TCalc TRise
vy (t) | 359ps - -
vy (1) - 2.35ns | 2.33ns

Vbur(t) - 2.57ns | 2.54ns
U2_,Calc (t) - 333 ps -

Vg Meas(t) | 459 ps - -

The rise times of vy (t) and Vpyr(t) are significantly slower than the one of v{ (¢). This
is due to the stronger attenuation and higher transmission of higher frequencies at the
VCM device a(see fig. 2.16a). As the Tal device in this example is relatively large (15 x
20um?), its capacity amounts to 4.6 pF (measured at 1 MHz with a HP 4284A LCR meter).
This capacitance acts as highpass filter and, consequently, higher frequencies are transmitted
through the Tal device. These frequencies are, therefore, not present in the reflection. As
Trise depends strongly on the presence of high frequencies, Tgrise of vy () is longer (2.33 ns)
than the one of v{ () (359 ps).

The rise time of Vpyr(t) is even longer (2.54ns). This is a result of the transmitted
signal. As shown later in fig. 3.6 the forward transmission S is larger than the forward
reflection Sy; at higher frequencies. This means that v, (t) contains higher frequencies than
the reflected voltage vy () at port 1. Consequently, the calculated transmitted voltage
Uy, cale(t) Tises within 333 ps, which is much faster than the rise time of vy (t) (2.33ns). The
faster rising at port 2 reduces the voltage drop over the VCM device. The assumption that
the voltage at the device is twice the pulses amplitude (Vpyr(t) = 2Vp), consequently, no

longer holds at timescales in the range of the rise time of Vpyr(t).

The divergence in the capacitive peak’s rise time of the calculated v, o, (t) (333 ps) and
measured transmission vy .. (t) (459 ps) indicates the presences of unaccounted losses, which
is addressed at the end of this chapter.

This example shows that the design of the VCM device and the CPW structure is more
important for the measurement of short switching times than choosing a pulse generator
with short rise times. As shown in chapter 4.1}, smaller devices have lower capacitances and,
therefore, the rise time of Vpyr(t) also shortens, which allows more precise measurements in

the subnanosecond regime.
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Consideration of cables

In fig. the forward transmission So; of the used 1.2m long cables is shown. Cable 1
connects the pulse generator to the VCM device and cable 2 connects the VCM device to
the oscilloscope. The forward transmission of cable 1 and 2 is referred to as S 1 and Sy 11,
respectively. The measurement was conducted with an Agilent Technologies N5245A VNA
in the frequency range from 10 MHz to 50 GHz. The VNA was borrowed from the Institute
of Integrated Photonics (IPH) of the RWTH Aachen University. Both cables have a high
transmission at low frequencies. At frequencies above 1 GHz their attenuation increases,

which also impacts the transmitted signals. This impact is considered with the following

approach.
0 T T T T T T T T T T T L——
—— Cable 1
1k Cable 2
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Figure 2.19.: Forward transmission So; of the used 1.2m long cables. Adapted from [100].

The transmission through cable 1 v, (t) is calculated in analogy to the transmission

through the VCM device. Instead of using the VCM device’s forward transmission S pur,
as done in eq. [2.11] Sy 1 is used:

i (t) = F~H (F(of (1) - Sana(f)) - (2.14)

In the next step, the transmission of v,;(t) through the VCM device is derived, which is
now referred to as v, pyr(t). To consider the impact of cable 1, vy 1(f) (result of eq. ) is
used, instead of the original signal v; (¢). Similar to the previous approach (see eq. [2.12)) the

forward transmission of the VCM device S2; pur is now used:

U2_,DUT(t) =F! (F(U£1<t)) ’ S21,DUT(f)) : (2'15)

In the last step, the impact of cable 2 Sy, 11 on the transmitted signal is calculated analogously
(using v5 yyp(t), result of eq. 2.15) to obtain the transmitted signal through the device vy :

U2_,11(t) =F! (]:(Uz_DUT(t)) ) S21,Il(f)) . (2.16)
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The result for v, (t) is shown in green in fig. . Also, the results from fig. m are
repeated for convenience: the measured results of the transmitted voltage vy ,..s(t) in blue
and the calculated transmission without the consideration v, . (t) (see eq.[2.12)) of the cables

in orange.

T T T T T T T T
— v2_,meas(t)

V3 caic(t) w/o cable

0.1F

V3 caic(t) with cable
V5 caic(t) with cable - 1dB

0.0

Voltage [V]

-0.1

1 1 1
-2.5 0.0 2.5 5.0 7.5 10.0 125 15.0

Time [ns]

Figure 2.20.: Measured transmission v, ,...<(t) (blue) and calculated transmission v, ,.(t) (orange)
using eq. without the consideration of the cables’ influence from fig. 2.18] The
green line indicates the calculated transmission with the cables’ influence taken into
account using eq. to The red line is identical to the green line but atten-
uated by 1dB, which is an estimate of the insertion loss of the RF probes and other
components of the experimental setup. Adapted from [100].

The capacitive peak’s amplitude of v, () is lower than the one of 2y cale(t), which brings
vyyi(t) closer to the measured transmission v;,.,s(t). Nevertheless, the capacitive peak’s
amplitude of v,y;(¢) is still higher than the one of vy ,..(f). Also, the rise time of v, ;(t)
is with 345ps only a little higher than the one of v, () (333ps) and still significantly
lower than the rise time of v, ...(t) (459 ps). These observations indicate that not all losses
occurring in the RF setup could be accounted for. These losses might origin from adapters
or the RF probes, which are not considered in the presented approach. As indicated in |147],
the used FormFactor Z-Probes have an insertion loss of up to 0.8dB. Subtracting 1dB from
vy () (see red line in fig. results in a good fit to vy, ..(t), Which suggests that the
other losses in the RF setup are on the order of 1dB.



3. Devices

This chapter firstly lists all VCM devices, which were used in this thesis (see table .
Their fabrication process is explained subsequently in chapter [3.1] The first devices were
fabricated using an optical lithography process with an existing mask, which is referred to as
mask A. In the framework of this thesis a new mask has been designed, which is referred to
as mask B. To decrease the device’s electrical charging times, the devices size (which is the
VCM stack) was reduced to 2 x 2um? (from 5 x 5 um?), the narrowed area’s length shortened
to 10 pm (from 50 pm), and the CPW structure’s overall length shortened to 590 ym (from
930 um).

The VCM devices are then characterized with regard to their IV characteristics, capaci-
tances, scattering parameters and electrical charging times in chapter [3.2l The results indi-
cate that the optimizations of mask B lead to significantly shorter electrical charging times.
It could also be shown that the reduction of the device size (VCM stack) has the largest
influence on the electrical charging times. Finally, suggestions for the optimal integration of
VCM devices into CPW structures are given in section

All devices were given identifiers, which are indicated in the first column of table[3.1} Also,
the film thicknesses and device sizes are given. The SET kinetics were measured on the Tal,
Ta2, Ta3, Zrl, HfA2, and HfB1 devices and the RESET kinetics on the Ta3, Zrl, Ta-C,
Zr-C, HfA1, HfA3, HfB2, and HfB3 devices. The results of the SET kinetics are shown in
chapter [4] and the results of the RESET kinetics in chapter [f]

3.1. Fabrication

As the thesis at hand focuses on measurement techniques, the fabrication processes are
described only briefly. Literature references with more details on the fabrication are given,
as well as fabrication protocols in the appendix section [A]

All devices were fabricated on an oxidized Si substrate with a high resistivity (p >
10kQem). The oxidization is realized by thermal annealing and results in a 430-nm to
450-nm-thick SiO, layer on top of the Si substrate. The 5nm thick Ti or Ta film of the
bottom electrodes serves as adhesion layer. The Pt bottom electrode acts as active electrode
and the Ta or Ti top electrode as ohmic electrode.

The fabrication of the Tal and Ta2 device is described in [37] and is similar to the one

presented in [94]/155]. The protocol of the fabrication process can be found in the appendix

49
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Table 3.1.: List of VCM devices used for the SET (Tal, Ta2, Ta3, Zrl, HfA2, and HfB1 device, see chapter g and RESET kinetics
(Ta3, Zrl, Ta-C, Zr-C, HfA1, HfA3, HfB2, and HfB3 device, see chapter E

Identifier | Mask | Bottom electrode | Active layer(s) | Top electrode | Size [um?] | Literature
Tal A | Ti (5nm)\Pt (25nm) TaOy (5nm) Ta (5nm)\Pt (25nm) | 15 x 20 137
Ta2 A | Ti (5nm)\Pt (25nm) TaOy (hnm) Ta (5nm)\Pt (25 nm) 5x5 [37]
Ta3 B Ti (5nm)\Pt (30 nm) TaOy (5nm) Ta (20nm)\Pt (30 nm) 2x2 [148]/149]
Ta-C B | Ti (5nm)\Pt (30nm) | C (1.5nm)\TaOy (5nm) | Ta (20nm)\Pt (30 nm) 3 x2 1150
Zrl B | Ti (5nm)\Pt (30nm) ZrOy (5hnm) Ta (20nm)\Pt (30 nm) 2x2 [151]/152]
Z1-C B | Ti (5nm)\Pt (30nm) | C (1.5nm)\ZrO4 (5nm) | Ta (20nm)\Pt (30 nm) 2x2 [150(152]
HfA1 B | Ti (5nm)\Pt (25nm) | HfO (31nm)\TiOy (3nm) | Ti (10 nm)\Pt (20 nm) 2x3 [153!
HfA2 B | Ti (5nm)\Pt (25nm) | HfO, (3nm)\TiOx (3nm) | Ti (10nm)\Pt (20 nm) 3x3 [153]
HfA3 B | Ti (5nm)\Pt (25nm) | HfOx (3nm)\TiOy (3nm) | Ti (10 nm)\Pt (20 nm) 4 x4 [153]
HfB1 B | Ta (5nm)\Pt (25nm) | HfO (31nm)\TiOy (3nm) | Ti (10 nm)\Pt (20 nm) 3x3 [153]/154]
HfB2 B | Ta (5nm)\Pt (25nm) | HfOx (31nm)\TiOy (3nm) | Ti (10 nm)\Pt (20 nm) 2x2 [153]/154]
HfB3 B Ti (5nm)\Pt (25nm) | HfO, (3nm)\TiO4 (3nm) | Ti (10nm)\Pt (20nm) | 10 x 10 [153]/154]
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section [A] The Ti and Pt layer of the bottom electrode and the active material (TaOy) were
deposited by RF magnetron sputtering. The Ta and Pt layers of the top electrode were
deposited by physical vapor deposition.

The CPW structure was fabricated using optical lithography with mask A, which is de-
picted to scale in fig. The CPW structure consists of the bottom electrode’s layers
(Ti(5nm)\Pt(25nm)) and has a length of 930 um. The central conductor has a width of
w = 100 um and a spacing of s = 60 um to the outer conductors. At the center of the CPW
structure of the Tal device, the width of the inner conductor narrows to w = 20 um and
the spacing to the outer conductor to s = 10 um. The length of the narrowed area amounts
to 50pum. In case of the Ta2 device, the width narrows to w = 5pum and the spacing to
s = 4um. On the left side, the inner conductor consists of the bottom electrode’s materials
and on the right side, it consists of the top electrode’s materials. In case of the Tal device,
both electrodes overlap over a length of 15um and in case of the Ta2 device over a length
of 5um. This results in a 15 x 20um? (Tal) and a 5 x 5um? (Ta2) large VCM device. The
TaOy layer is sandwiched between the two electrodes. The overlapping area is referred to
as A and is depicted in fig. [3.1bl The size of the VCM devices is indicated as = X y, in
which x represents the overlapping area’s length parallel to the inner conductor and y the
overlapping area’s width perpendicular to the inner conductor. The dimension x and y are
also illustrated in fig.

Both devices were formed by applying a 4V sweep to the active Pt electrode. To prevent

the devices from damage, a current compliance (CC) of 100 pA is used.

AV 60 um
N

930 um

(a) Mask of CPW structure (to scale). (b) Center of CPW structure.

Figure 3.1.: (a) CPW structure of the Tal device (to scale). (b) Zoom into the center of the CPW
structure. The bottom and top electrode overlap in the area A. The length x and
width y of the overlapping area are also indicated, corresponding to the definition of
the device size (z X y).

The stack of these VCM devices constitutes a parallel plate capacitor. Its capacitance
has a significant influence on the devices’ electrical charging times (see section and
consequently also on their switching kinetics, which is shown in chapter 1.3} To reduce the
capacitive effects, mask B includes smaller devices, down to 2 x 2um?. In this case, the
spacing to the outer conductors of the CPW structure amounts to s = 2um. As shown

at the end of section [3.2.4] smaller devices would have an even shorter electrical charging
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time. Smaller devices can, however, not be produced with the available optical lithography;,
as its resolution is limited at 2um. Also, larger devices up to 30 x 10 um? were placed on
the mask. The overall length of the device has also been reduced to 590 um, which decreases
the size of the contact pads and, thereby, reduces the capacitances between the inner and
outer conductors as shown below in section [3.2.20 For smaller devices the narrowed area’s
length has been reduced from 50 ym to 10 um. This is illustrated in fig. [3.2] which compares
mask A with mask B. All devices listed in table except the Tal and Ta2 device, were
fabricated with mask B.

(a)

(b)

Figure 3.2.: Zoom into the mask’s center of (a) mask A (Ta2) and (b) mask B (Ta3). Both figures
are on the same length scale. The outer conductors of the CPW structure are labeled
as OC. The inner conductor consists of the bottom (BE) and the top electrode (TE),
which overlap in the area A. The narrowed width w of the inner conductor and its
spacing to the outer conductor s are also indicated. The length of the narrowed area [
has been shortened on mask B from 50 pm to 10 um.

All materials of the Ta3, Zrl, Ta-C, and Zr-C devices were deposited by means of RF mag-
netron sputtering [148}/149,/151}/152]. The additional C layer in the Ta-C and Zr-C device
serves as oxygen-blocking layer [150,[156]. The devices were formed by applying a -4V sweep

to the active Pt electrode with a current compliance of 100 pA.

The endurance of the Ta3 device was already demonstrated in [157], showing an endurance
of up to 10° cycles. The highest measured endurance for TaO,-based devices amounts to
10'2 cycles [88]. Until 2020, only an endurance of up to 10* cycles had been reported for
the ZrOy-based devices . The endurance of a 5 x 5um? crossbar ZrOy-based device was,
therefore, measured and published in the supplementary information of . The SET and
RESET voltages, were chosen to 0.9V and -1.8 V, respectively, and the resistance was read
at -0.2V. No current compliance was used. The measurement is shown in fig. [3.3] and was
aborted after 10° cycles, although the device was still operable. A higher endurance of up
to 107 cycles was recently reported for ZrO,-based devices . As Zr is chemically similar
to Hf , HfO,-based and ZrO,-based devices may also have a similar endurance. For
HfOy-based devices an endurance of up 10° cycles has been reported , which could also
be possible for ZrO,-based devices.
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Figure 3.3.: Endurance measurement of a 5 x 5um? ZrOy-based crossbar device. The fabrication
process is identical to the one of the Zrl device. Only a different mask has been used.
The measurement has been conducted with a Keithley 2636A SMU. Taken from the
supplementary information of [38].

The HfA1, HfA2, and HfA3 devices are on the same wafer, which is referred to as HfAx
and, in analogy, the devices HfB1, HfB2 and HfB3 are also on one wafer, which is referred
to as HfBx. The HfAx and HfBx devices have an almost identical fabrication process.
The flow chart of the fabrication process can be found in the appendix section [Al [153].
The only difference between both samples is the deposition of the bottom electrode. The
Ti and Pt layers of the HfAx devices’ bottom electrode were deposited by RF magnetron
sputtering. An off-axis sputter tool was used for the deposition of the Ta and Pt layers of
the HfBx devices’ bottom electrode [154]. The Ta layer was deposited by RF magnetron
sputtering and the Pt layer by DC sputtering. The TiO, and HfO, films were deposited
by atomic layer deposition. The Ti and Pt layers of the top electrode were again deposited
by means of RF magnetron sputtering. The devices were again formed by applying a -4V

sweep to the active Pt electrode with a current compliance of 100 pA.

The active layer of the HfAx and HfBx devices is the HfOy layer, which is at the interface
to the Pt bottom electrode. The additional TiO, layer acts as serial resistance and reduces
the VCM device’s variability significantly with regard to SET and RESET voltages [42,/159].
These VCM devices can also be operated in an analogous mode, which is beneficial for
neuromorphic applications [160,(161]. As mentioned above, HfO,-based devices can achieve

an endurance of up 10? cycles [89].

3.2. Characterization

All investigated devices (see table were characterized with regard to their IV charac-

teristics, capacitances, scattering parameters and electrical charging time.
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3.2.1. IV characteristics

The IV characteristics of the Tal, Ta2, Ta3, and Zrl devices were conducted with a Keith-
ley 2634B SMU and are shown in fig. [3.4 The sweep settings can be found in table [3.2] The
IV characteristics of all four sample are typical for VCM devices, as they have a nonlinear
HRS and a linear LRS. The Tal and Ta2 devices were operated in a different resistance
window than the Ta3 and Zrl devices, which originates from higher SET and RESET volt-
ages used in the sweeps of the Tal and Ta2 devices. Also, no current compliance was used
during their SET sweep. The HRS of the Tal and Ta2 is in the range of from 2 k(2 to 10 k(2
and their LRS in the range from 2002 to 400 €2.

Table 3.2.: Settings of the IV characteristics shown in fig.
Device ‘ Sweep rate ‘ SET Voltage ‘ RESET Voltage ‘ CcC

Tal 0.1V/s 15V 2.0V -

Ta2 0.1/s ~15V 2.0V -

Ta3 0.5V/s ~1.0V 1.6V 300 pA
7rl 0.5V/s ~1.2V 1.6V 300 pA
Ta-C | 0.5V/s ~12V 1.6V 300 pA
Zr-C 0.5V/s ~1.2V 1.6V 300 uA
HFA2 | 0.5V/s ~1.2V 1.2V 300 uA
HfB3 |  0.5V/s ~1.2V 1.2V 300 pA

The Ta3 and Zrl devices were later used in the automated setup (see chapters
and , which requires the collection of a large data set and, consequently, a high endurance.
To reduce the stress on the devices, lower SET and RESET voltages were chosen and a
current compliance of 300 uA was used during the SET sweeps. The HRS of the Ta3 and
Zr1 devices is in the range from 10k(2 to 30k(2. The LRS of the Ta3 and Zrl device is in
the range from 1.0k2 to 3.0 k2.

The IV characteristics of the Ta-C, Zr-C, HfA2, and HfB3 (representing the devices on the
HfAx and HfBx wafer, respectively) devices are shown in fig. . To achieve a comprehensive
statistic, these devices were also protected with a current compliance of 300 uA during the
SET sweep.

The additional C layer in the Ta-C and Zr-C devices has no significant impact on the
1V characteristics. Both devices could be operated in a resistance window between 1.0 k(2
and 3.0k in the LRS and between 10k(2 and 30k(2 in the HRS, which is identical to the
resistance window of the Ta3 and Zr1 devices. Also, the settings in the sweeps (see table
are identical. The Ta-C and Zr-C devices also have a nonlinear HRS and a linear LRS.

The HfAx and HfBx devices were operated in a different resistance window. The settings
for the SET sweep were chosen identically as the ones of the previous devices (SET voltage:
-1.2V, current compliance: 300pA) reaching the same LRS window (between 1.0k and
3.0kQ). The HfAx and HfBx devices, however, have a significant higher HRS and, therefore,
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Figure 3.4.: IV characteristics of the Tal, Ta2, Ta3, and Zrl devices (see table. . The settings
of the sweeps are listed in table .

the RESET voltage was reduced from 1.6V to 1.2V, because otherwise the HRS would be
shifted to resistances above 100 k2. The HRS is again nonlinear. After the initial elctroform-

ing process, the devices have a linear LRS (see fig. [3.5¢|), which becomes slightly nonlinear
with the number of driven cycles (see fig. |3.5d]).

3.2.2. Capacitances

All capacitances were measured with an HP 4284A LCR meter at a frequency of 1 MHz and
a stimulus of 50 mV.

Capacitances of the CPW structure

Firstly, the capacitances between the inner and outer conductors of the Ta2 and Ta3 device
were measured. They amount to 1.27pF for the Ta2 and to 0.82pF for the Ta3 device.
This results from the reduction of the contacting pad sizes on mask B, as explained above

in chapter [3.2.1 These capacitances yield a low capacitive reactance for high frequencies



51§) CHAPTER 3. DEVICES
T T T T T T T T T T T T
SET
__ 10k} : _ [E_N’\/
=) SET ] =]
g i Y 10k b
c ] c I
8 8
0 - (2]
2 2
Q | Q
o o
I RESET l
F RESET
1 1 1 1 1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage [V] Voltage [V]
(a) Ta-C device. (b) Zr-C device.
T T T T T ] T T T T T
] 100k F E
g 1ok TooE | :
v SET ] v I 1
o ] I SET/
8 - 8 1ok} E
R R [ :
® 10kE 9 0
o ] o
- _J_._/ \/RE‘SET ] \/RESET
1 1 1 1 1 1 k = 1 1 1 1 =
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Voltage [V] Voltage [V]

(c) HfA2 device.
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Figure 3.5.: IV characteristics of the Ta-C, Zr-C, HfA2, and HfB3 device (table The settings
of the sweeps are listed in table

and, therefore, higher frequencies are more easily transmitted from the inner to the outer
conductor, which increases the electrical charging time. The smaller contacting pads on

mask B, consequently, contribute to faster electrical charging times.

Capacitances of VCM stack

Subsequently, the capacitances of the devices listed in table [3.1] were measured and are
summarized in table [3.3] sorted by the device size.

The capacitance clearly scales with the device size. Although, the Ta3 and the Zrl device
have an identical device area, the Ta3 device has a higher capacitance. This cannot origi-
nate from the relative permittivity, which is higher for ZrO, (¢, = 28.5 ) than for TaOy
(e, = 26 ) The discrepancy in the capacitance most likely originates from alignment
mismatches. Measuring the capacitance of a different 2 x 2pum? device on the Ta3 device’s
wafer resulted in a capacitance of 0.28 pF, indicating a relative strong device-to-device vari-

ability. This correlates with the optical lithographic resolution, which is around 2 um and,
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Table 3.3.: Capacitances of the measured devices’ VCM stack (see table , sorted by device size.
Measurements were conducted with an HP 4284A LCR meter.

Device ‘ Device size ‘ Capacitance ‘
Ta3 2 x 2um? = 4 um? 0.38 pF
Zrl 2 x 2um? = 4 um? 0.29 pF
Zr-C 2 x 2um? = 4um? 0.31 pF
Ta-C 3 x 2um? = 6 um? 0.41 pF
HfA1 2 x 3um? = 6 um? 0.32pF
HfA2 3 x 3um? = 9 um? 0.42 pF
HfB1 3 x 3um? = 9 um? 0.44 pF
HfB2 5% 3um? = 15 um? 0.71 pF
HfA3 4 x 4um? = 16 um? 0.80 pF
Ta2 5 x 5um? = 25 um? 1.11pF
HfB3 | 10 x 10 um? = 100 pum? 1.96 pF
Tal | 15 x 20 um? = 300 pum? 4.60 pF

consequently, on the same length scale as the device size. Calculating the capacitance C),

with the formula of a parallel plate capacitor:

€6, A

O = (3.1)

de
results in 0.18 pF for the Ta3 device and to 0.20 pF for the Zrl device. As indicated in
table , the oxide thickness doy, amounts to 5nm and the device size A to 4um?. The devi-
ation between the calculated and measured capacitances originates from additional angular
capacitances. This argumentation was also used in [38]. The capacitances of the Ta-C and

the Zr-C devices are a little larger than the ones of the Ta and the Zr device.

An analogous estimation was conducted with the HfAx and HfBx device’s stack. They
have a 3nm thick HfO, and a 3nm thick TiOy in series, which changes the formula of the

parallel plate capacitance C)| to

CII _ €0 A ) €r HfOx€r, TiOx . (3_2)
dox  €rHfOx + €rTiOx

Using the values A = 6 um?, do, = 3nm, €, Tiox = 12.3 [163], and €, grox = 14.0 [164}/165] for
the HfAT device results in C}j = 0.12 pF. This capacitance is significantly below the measured
value of 0.32pF, which is again probably due to the negligence of angular capacitances
and alignment mismatches. Calculating the capacitance for the much larger HfB3 device

(A =100 um?) results in 1.93 pF, which is close to the measured capacitance of 1.96 pF.
As shown in chapter[3.2.4], the capacitances of the CPW structure and of the VCM device’s

stack have a significant impact on the scattering parameters and on the devices’ electrical

charging time. In consequence, they also delay the switching kinetics, as demonstrated in

chapter [4.1]
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3.2.3. Scattering parameters

The measurements of the scattering parameters were conducted in the range from 50 MHz to
40 GHz (see chapter . In general, a high reflection at the VCM device for all frequencies
is desired. Frequencies, transmitted through the device, do not contribute to its electrical
charging. Consequently, the charging time of the device increases, which is disadvantageous
for fast measurements. As shown in chapter 2.2.2] it can take up to 2.54 ns to charge a VCM

device.

Tal, Ta2, Ta3, and Zrl devices

The scattering parameters of the Tal, Ta2, Ta3 and Zrl device are shown in fig [3.6l The
lowest forward reflection S, is observed for the Tal device (see blue line in fig. . Already
at 1 GHz, the reflection is attenuated by 10dB, meaning that only 10% of the signal is
reflected. Oppositely, the Tal device has the highest forward transmission S5 in the range
below 3 GHz (see blue line in fig. . This is due to the high capacitance of the Tal device,
which amounts to 4.6 pF (see table . Higher frequencies are, therefore, transmitted
through the VCM device and are missing in the reflection. The crossing with the Ta3 and

Zr1 devices’ forward transmission between 3 GHz and 10 GHz is explained below.
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Figure 3.6.: Absolute values of the (a) forward reflection S;; and (b) the forward transmission So;
of the Tal, Ta2, Ta3 and Zrl device (see table . The measurement was conducted
with the VNA HP 8722ES.

The overlap of the bottom and top electrode of the Ta2 device is significantly smaller

2. For comparison, the Tal

(5 x 5um?), corresponding to an overlapping surface of 25um
device’s size amounts to 300 um?. Consequently, the Ta2 device has a significantly smaller
capacitance, which amounts to 1.11 pF (see table . For that reason, the forward reflection
Si1 of the Ta2 device is higher (see orange line in fig. and its forward transmission Ss;

(see orange line in fig. [3.6b|) is lower than Sj; and Ss; of the Tal device, respectively. The
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crossing with the Ta3 and Zrl devices’ forward transmission between 1 GHz and 2 GHz is

explained below.

The Ta3 and Zrl device are smaller (2 X 2um?) than the Tal and Ta2 device and, conse-
quently, also have a smaller capacitance (0.38 pF and 0.29 pF, respectively). For that reason,
the forward reflection Sp; of the Ta3 and Zrl device (see green and red line in fig. is
higher than S;; of the Tal and Ta2 device. Analogously, the forward transmission Ss; of
the Ta3 and the Zrl device (see green and red line in fig. is lower than Sy; of the
Tal and Ta2 device, up to a frequency of 1GHz. The Ta3 device has a little lower S;; and
a little higher Sy than the Zrl device, which is attributed to its higher capacitance (see
table . Above 7GHz, S3; of both, the Ta3 and the Zrl device, is above Sy; of the Tal
and Ta2 device. This results from the lower bandwidth of the Tal and Ta2 devices’” CPW

structure, which is explained in the following.

The forward transmission Ss; increases for all four devices in fig. with the frequency,
up to a certain point. The Tal and Ta2 devices’ S; reaches a maximum at about 300 MHz
and at about 500 MHz, respectively, after which Sy, decreases with increasing frequency.
The Ta3d and Zrl devices’ Ss; increases with the frequency up to about 10 GHz and 20 GHz,
respectively. Up to this maximum, S is limited by the VCM device’s capacitance, at which
low frequencies are reflected, while high frequencies are transmitted through the device. After
the maximum of Sy; is reached, Ss; is no longer limited by the VCM device’s capacitance,
but by the bandwidth of the CPW structure. This bandwidth prevents higher frequencies
to reach the VCM device at the center of the CPW structure and also attenuates the part
of the signal, which has been transmitted through the VCM device.

To demonstrate the influence of the CPW structure’s bandwidth on the measured Sy; in
fig. [3.6D] the Sy of two CPW through structures without VCM device at the center was
measured. The Tal device’s CPW through structure is on the same wafer as the Tal device
itself and, consequently, corresponds to the design of mask A and its material stack is
identical to one of the Tal device’s bottom electrode. The width of its inner conductor was
reduced to w = 20 pm over a length of w = 50 um (see also fig. [3.2(a)). Analogously, the Zrl
device’s CPW through structure is one the same wafer as the Zrl device itself and its design
corresponds to the layout of mask B. Its inner conductor width was reduced to w = 2um
over a length of w = 10 um (see also fig.[3.2(b)). Consequently, the CPW through structures
have the same attributes as their corresponding devices with regard to the CPW structure’s
geometry and the bottom electrode’s material stack.

The forward transmission Sa; of the CPW through structure are shown in fig. [3.71 The Sy
of the Tal device’s CPW through structure (solid blue line) starts at -5.5dB and depends
only slightly on the frequency up to about 300 MHz, after which it decreases with increasing
frequency reaching -15.3dB at 40 GHz. The S5, of the Zrl device’s CPW through structure
(solid red line) barely depends on the frequency, starting at -8.0 dB and reaching -8.9dB at
40 GHz.
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Figure 3.7.: CPW through structure’s forward transmissions of the Tal (blue solid line) and the
Zrl (red solid line) device having a width of w = 20 um and w = 2 pm, respectively.
The length of the narrowed area amounts to 50 ym for the Tal device and to 10 um
for the Zrl device. The forward transmission Ss; of the Tal and Zrl device (from
fig. is shown as dashed line, in blue and red, respectively. The So; of a CPW
through structure without width reduction and a length of 590 ym (from 930 um) is
shown as solid violet line (from fig. [2.10a]).

The blue dashed line in fig. corresponds to Ss; of the Tal device. At about 300 MHz,
the Sy; of both structures coincide, marking the frequency, at which Ss; is no longer limited
by the capacitance of the VCM device, but by the usable bandwidth of the CPW structure.
The slight deviation of S5, at higher frequencies might originate from the top electrode’s
material stack. The S5 of the Tal device’s CPW through structure was only measured with
the bottom electrode’s material, which might by different from the S; of the top electrode.
Although, the thickness of the Pt layers is identical (25 nm as shown in table , they were
deposited differently: once by RF magnetron sputtering (BE) and once by physical vapor
deposition (TE), as described in chapter [3.1]

A similar argumentation can explain the trend of the Sy; of the Zrl device, which is shown
as red dashed line in fig.|3.7| (also in fig. . At about 20 GHz, the Sy; of the Zrl device and
its CPW through structure coincide, marking again the frequency, at which the Zr1 device’s
Sy1 is no longer limited by the capacitance of the VCM device, but by the bandwidth of its
CPW structure. No deviation occurs at frequencies above 20 GHz, which might originate
from the similarity of the Zr1 device’s top and bottom electrodes. Both contain a 30 nm thick
Pt layer and both were deposited by means of RF magnetron sputtering. The main reason
for the better bandwidth of the Zrl device compared to the bandwidth of the Tal device is

the shorter length of the narrowed area.

The S, of both narrowed CPW through structures is much lower than S; of a CPW
structure without narrowed area (shown as violet line in fig. [3.7]), which has a Ss; above
-3dB at all frequencies. This was already shown in fig. from chapter 2.1.3 The
through structure without narrowed area is identical to the Zrl device’s through structure,
with regard to the length of the CPW structure (amounting to 590 um) and to the bottom
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electrode’s material stack. As the constant width of w = 100um is the only difference
between those two through structures, the decrease of S5, must originate from the reduction

in width of the inner conductor.
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Figure 3.8.: Forward transmission Sy; for different linewidths of the CPW through structures on
the (a) Tal device’s and on the (b) Zrl device’s wafer. No VCM device was integrated
in the CPW structure.

This is also illustrated in fig. [3.8] in which the forward transmission Sy; of the CPW
through structures on the (a) Tal device’s wafer and on the (b) Zrl device’s wafer are
shown. The Tal device’s CPW through structures were fabricated with mask A, having
an overall length of 930 um and a narrowed area’s length of 50 um. The Zrl device’s CPW
through structures were fabricated with mask B, having an overall length of 590 um and a
narrowed area’s length of 10 pum. The CPW through structures’ S;; on both wafers scales
inversely with the linewidth w. This confirms the dependence of the VCM devices’ S at
higher frequencies (see fig on the bandwidth of their CPW structure.

In general, the Sy of the CPW through structures on the Zrl device’s wafer is higher than
the CPW through structures on the Tal device’s wafer. CPW through structures with a
narrowed areas’ width of w = 10 um (shown in green) and w = 5pm (shown in red) exit on
both wafers. At w = 10 um, Sy; varies between -7.5dB at 50 MHz and -17.9dB at 40 GHz
on the Tal device’s wafer, while it varies between -5.5dB at 50 MHz and -6.3dB at 40 GHz
on the Zrl device’s wafer. A similar observation can be made at w = 5um. The better
performance of the CPW through structures on the Zrl device’s wafer can be explained
in part by the shorter overall length of the CPW structure, which reduces the capacitance
between the inner and the outer conductors from 1.27pF to 0.82pF (see chapter .
This reduction of 35.4 %, however, cannot explain the reduction of Sy; by more than 12dB
at 40 GHz, as observed at a linewidth of w = 10 um and w = 5um. Also, the slight difference
in the thicknesses of the Pt bottom electrodes (25 nm on the Tal device’s wafer and 30 nm

on the Zrl device’s wafer) cannot explain the change in Sp; to this extend. The fabrication
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of both bottom electrodes is very similar (see chapter . The only remaining explanation

is the length of the narrowed area, which was reduced on mask B from 50 pm to 10 pm.

TaC and ZrC devices

The scattering parameters of the Ta-C (blue solid line) and Zr-C (orange solid line) device
are shown in fig. 3.9 These two devices are very similar to the Ta3 and Zr1 devices (plotted
as dashed line for comparison) and differ only by the additional C layer in the Ta-C and
Z1-C devices. A 3 x 2um? device was used for the Ta-C device, because the 2 x 2 um? devices
on the Ta-C device’s wafer were not operational. Both, the forward reflection S;; and the
forward transmission Ss;, behave similarly for all four devices, showing that the additional
C layer has only a minor influence on the scattering parameters. For the Zr1 and ZrC device
also values above 0dB were measured, which result from an imprecise calibration of the
VNA.
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Figure 3.9.: Absolute values of the (a) forward reflection S;; and (b) the forward transmission So;
of the Ta-C and Zr-C devices (solid lines). The scattering parameters of the Ta3 and
Zr1 device from fig. are also plotted as dashed lines for comparison.

HfAx and HfBx devices

The scattering parameters of the devices on the HfAx and HfBx wafer are shown in fig. [3.10
and fig. respectively. Again, higher capacitances lead to a lower forward reflection Sy,
and a higher forward transmission Sy, following the trend of the other devices. The forward
transmission So; has again a maximum for all studied devices on the HfAx and HfBx wafer,
which indicates that they are also limited by the bandwidth of their CPW structure at higher
frequencies. The maximum is, however, always in the gigahertz regime. This results from
the improvements on mask B, which are the smaller device size and the smaller dimensions
of the CPW structure.
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Figure 3.10.: Absolute values of the (a) forward reflection Si; and (b) the forward transmission Sa;
of the HfAx wafer’s devices.
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Figure 3.11.: Absolute values of the (a) forward reflection S1; and (b) the forward transmission Sa;
of the HfBx devices.

Surprisingly the forward reflection Si; has two poles. The first occurs above 1 GHz and
the second one above 10 GHz for all devices on the HfAx and HfBx wafer. All other devices
only have one cut-off frequency, occurring above 1 GHz (except for the Tal and Ta2 device
on mask A). This cannot be explained by the bandwidth of the CPW structure. The forward
transmission Sp; of the CPW through structure of the HfAx wafer, which is without VCM
device, is shown in fig. as blue line. The width of the inner conductor of the CPW
through structure was reduced to 10 um at the center. Its S is flat up to 10 GHz and can,
therefore, not be the origin of the second pole. Its S5; is also similar to the CPW through
structure of the Zrl device (orange line).

The occurrence of the two cut-off frequencies originates from the HfO, /TiOy bilayer struc-
ture of the HfAx and HfBx devices, which constitutes two different capacitors in series.
Firstly, the cut off frequency of the first capacitor is reached, at which it becomes conduct-

ing for these frequencies. This first cut-off frequency is reached at lower frequencies than



64

CHAPTER 3. DEVICES

-4.0
—-4.5
-5.0
o -5.5

-7.0

-75F

—— HfAx short (w=10um)

Zrl short (w=10um)

—-8.0 !

100 M

1G

10G

Frequency [Hz]

Figure 3.12.: CPW through structure’s forwards transmissions Sa; of the HfAx (blue solid line)
and the Zrl (orange solid line) device. Both structures have a narrowed width of
w = 10 pm.

for the other devices fabricated with mask B, due to the thinner layer thickness of 3nm.
Frequencies below 10 GHz, however, cannot yet pass the second capacitor and are, there-
fore, reflected, which explains the flattening of the forward reflection, after the first cut-off
frequencies. At frequencies above 10 GHz the cut-off frequency of the second capacitor is
reached and these frequencies are also transmitted through the second capacitor. This is
supported by the fact that the first cut-off frequency depends on the device size. This is most
prominent for the 10 x 10 um? large HfB3 device, for which the first cut-off frequency occurs
much earlier as for the other devices on the HfAx and HfBx wafers (see fig. [3.11al). Both
TiOx and HfO, have similar permittivities (&, riox = 12.3 [163], &, mrox = 12.0 — 14.0 [165],
both measured at 1 MHz) and consequently both layers should have a similar capacitance.
Deviations from the layer thicknesses (3nm) can also have an impact on the capacitance
and, therefore, it remains unclear which layer has the larger capacitance and is responsible
for the first cut-off frequency. As shown in the next section, the occurrence of two cut-off

frequencies has a noticeable influence on the electrical charging time.

3.2.4. Electrical charging times

The scattering parameters obtained in the previous section, will be used in this section to
derive the devices’ electrical charging times. The method for deriving the time dependent
voltage at the device Vpyr(t) is explained in detail in chapter 2.2.2 The voltage at the
device consists of the superposition of the incoming signal v} (¢) and its reflection vy (t) at

port 1 of the device, minus the transmitted signal v, (¢) at port 2. This is described by

eq. 215}
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The incoming signal v} (¢) is measured with the oscilloscope, and vy (t) and v, (t) are calcu-
lated using eq. and eq. [2.16] respectively:

vy (t) = F (-F(Ufr(t)) : Sn(f)) )

vy (1) = F (]—'(vf(t)) : SQI(f)) .

The forward reflection Sp; and forward transmission Sy were derived in the previous section
for each device in table[3.1] As described in chapter [1.4.2] the rise time (10 % - 90 %) is used
as measure for the electrical charging time. Identically to chapter [2.2.2, a 10ns long pulsdﬂ
with an amplitude of -0.52V serves as v{ (t), having a rise time of 359 ps. To reduce the
impact of the pulse generator’s rise time on the device’s rise time, a 250 ps long pulse with
an amplitude of -0.79 V emitted by the PG5 pulse generator was used as v; (¢) for devices

with a rise time faster than 250 ps.

Tal, Ta2, Ta3, and Zrl devices
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Figure 3.13.: Vpyr(t) of the Tal, Ta2, Ta3, and Zrl device. Derived with eq.|3.2.4, The vertical
dotted lines indicate the rise times (10 % - 90 %) of the Tal and Ta2 device. Adapted
from [100].

The results for Vpyr(t) of the Tal, Ta2, Ta3, and Zrl device are shown in fig. |3.13| The
scattering parameters from fig. [3.6) were used. The result of the Tal device (blue line) was
already shown in chapter It has the slowest rise time with 2.57 ns, which is expected as
this device’s VOM stack is the largest (15 x 20 um?) and, consequently, also has the largest
capacitance (4.60 pF, see table . This results in an increase in the forward transmission
and a decrease in the forward reflection, as shown in fig. [3.6] The reflection at the VCM
device, therefore, contains fewer high frequency components, which are necessary for steep

rising edges.

lemitted by the PSPL 2600C pulse generator
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The rise time of the Ta2 devices (orange line) is much shorter and amounts to 730 ps.
This results from its smaller VCM stack (5 x 5um?) and the resulting smaller capacitance
(1.11 pF). The Ta3 and Zr1 devices are the smallest devices (2 x 2um?) and, consequently,
have the smallest capacitances (0.38 pF and 0.29 pF, respectively). This results in the steep-
est rising edges of Vpur(t) (green and red line), which are much shorter than the rise time
of the used pulse generator (PSPL 2600C, Tpg ~ 359 ps).
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(a) vy (t) of the Ta3 device. (b) vi (t), vy (t), and Vpur(t) of the Ta3 device.

Figure 3.14.: (a) Measured (blue) and calculated (orange) transmission v, (¢) through the Ta3 de-
vice. The calculated transmission takes the cables’ influence into account, as described
in chapter m (b) Pulse v} (t) emitted by the pulse generator, reflection vy () and
voltage Vpur(t) at the Ta3 device. Adapted from [100].

To circumvent this issue, the rise times of the Ta3 and Zrl device were determined from a
250 ps pulse with an amplitude of -0.79 V emitted by the pulse generator PG5. It is shown
in blue in fig. B.14b] A voltage amplitude of -0.79V was chosen, because it is the highest
available voltage, at which both devices did not switch during the pulses’ application. To
verify that this approach is still valid on a subnanosecond timescale, the measured and
calculated transmitted signals through the Ta3 device are shown in fig. in blue and
orange, respectively. For the calculated transmission the influence of the cables was taken
into account (see chapter [2.2.2).

transmitted voltage validates the approach also on a subnanosecond timescale.

The good overlap of the measured and the calculated

In fig. 3.14D], the subsequent analysis is demonstrated on a subnanosecond timescale. In
blue the pulse v (¢) emitted by the PG5 pulse generator is shown. Its reflection vy () (orange
line) at the Ta3 device is calculated using eq. and its transmission v, (t) using eq. .
Using these three quantities and eq. , the voltage at the device Vpyr(t) is calculated
and shown as green line.

To determine the rise time (10%-90%), it is crucial that the device gets fully charged
during the application of the pulse. As described in chapter [I.3.1], the voltage at the device
should amount to twice the pulse amplitude after the electrical charging time. In this case,

the maximum absolute voltage amounts to 1.57 V, which is almost identical to twice the pulse
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amplitude (1.58 V). Nevertheless, not all devices reached a maximum absolute voltage close
to 1.58 V. To achieve a suitable comparison for all rise times, evaluated with the 250 ps pulse,
the 10% and 90 % levels for the determination the rise time were multiplied with 1.58 V,
instead of the maximum absolute voltage of the device’s Vpyr (). In this case, it takes 77.1 ps
to charge the Ta3 device, which is faster than the Ta2 device (730 ps) by almost one order of
magnitude. Please note that this is not a suitable comparison, because the pulse’s rise time

was not yet considered, which is done at the end of this section.
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Figure 3.15.: Zoom into the beginning of Vpyr(t) of the Ta3 and Zr1 device. Derived with eq.|3.2.4
The vertical dotted lines indicate the rise times (10 % - 90 %) of both devices.

In fig. , a zoom into the beginning of Vpyr(t) is shown for the Ta3 and Zrl device in
green and red, respectively. The Ta3 device’s Vpyr(t) was already shown in fig. and its
rise time amounts to 77.1 ps. The Zr1 device’s rise time is the fastest and amounts to 59.8 ps.
This can be explained by the slightly higher forward reflection (see fig. and slightly
lower forward transmission (see fig. [3.6al), which originates from the larger capacitance of
the Ta3 device (see table [.3). Both, the Ta3 and Zrl device, are faster than the Tal and
Ta2 device by one order of magnitude or more, which is due to the use of mask B in the

fabrication process of the Ta3 and Zrl device.

TaC and ZrC devices

In fig. [3.16] a zoom into the beginning of Vpyr(t) is shown for the Ta-C and Zr-C device
in green and red, respectively. The scattering parameters from fig. [3.9 were used. Their
rise times amount to 68.3 ps and 63.0 ps for the Ta-C and Zr-C device, respectively, and are
close to the rise times of the Ta3 and Zrl device (77.1ps and 59.8 ps). This shows that the

additional C-layer has only a minor influence on the device’s electrical charging time.

HfAx and HfBx devices

The voltage at the device Vpur(t) of the HfA1, HfA2, and HfA3 device has been determined
with the scattering parameters from fig. [3.10| and Vpyr(¢) of the HfB1, HfB2, and HfB3 de-
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Figure 3.16.: Zoom into the beginning of Vpyr(t) of the Ta-C and Zr-C device. Derived with
eq. The vertical dotted lines indicate the rise times (10% - 90 %) of both
devices.

vice with the scattering parameters from fig. |3.11l The rise times of the HfA1, HfB1, and
HfB2 device were again determined with the 250 ps voltage pulse from the pulse generator
PG5 with an amplitude of -0.79V as v{" (¢). The Vpur(t) of the HfA2, HfA3, and HfB3 de-
vice have, however, not reached the 90 % threshold during the 250 ps pulse application and,
therefore, their rise times were determined with the 10 ns pulse from the PSPL 2600C pulse
generator with an amplitude of -0.52 V|, which was also for the determination of the rise time
of the Tal and Ta2 device.
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Figure 3.17.: Zoom into the beginning of Vpur(t) of the HfA1, HfA2, and HfA3 device. Derived
with eq. The vertical dotted lines indicate the rise times (10% - 90 %) of all
three devices.

The rising edges of the HfA1, HfB1, and HfB2 device are shown in fig. [3.17] and are almost
identical amounting to 103.2ps for the HfA1 device, to 105.1ps for the HfB1 device and
to 101.4 ps for the HfB2 device. The deposition of the HfAx and HfBx device’s Pt bottom
electrode has been performed differently. As they reach similar rise times at comparable
device sizes, the different deposition processes of the Pt electrodes have only a minor impact

on the rise time.
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Figure 3.18.: Zoom into the beginning of Vpyr(t) of the HfA1, HfB1, and HfB2 device. Derived
with eq. The vertical dotted lines indicate the rise times (10% - 90 %) of all
three devices.

The rising edges of the HfA2, HfA3 and HfB3 device are shown in fig. [3.18 and amount to
414 ps for the HfA2 device, to 448 ps for the HfA3 device, and to 753 ps for the HfB3 device,
which is significantly slower than the rise time of the other devices on the HfAx and HfBx
wafer. This is due to the HfB3 device’s size (10 x 10 um?), which is larger than the other
tested devices on the HfAx and HfBx wafer. Consequently, the HfB3 device has also the
largest capacitance, which leads to the slow rise time. It is, however, noticeable that the
rise time of the HfB3 device is similar to the rise time of the Ta2 device (730 ps), although
the Ta2 device is much smaller (5 x 5um?). The HfB3 device, consequently, has a larger
capacitance (1.94 pF, see table[3.3)) than the Ta2 device (1.11 pF), which is smaller by 43.3 %.
This rise time of the Ta2 device is, however, only 3.1 % shorter than the rise time of the
HfB3 device. This indicates that the improvements of mask B (shortening the narrowed
area’s length and the CPW structure’s length) compensates the losses originating from the

larger device capacitance in this case.

Influence of pulse generators’ rise times

To compare all rise times, the influence of the pulse generators’ rise times needs to be consid-
ered. The PSPL 2600C and PG5 pulse generator’s rise times amount to 359 ps and to 34.5 ps,
respectively. By means of eq. the rise time of the device, TR, can be determined from

the calculated rise times, T, and the rise times of the pulse generators, Tpq:

TRise - \) T(Qjalc - TPQG. (3-3)

The results for Tgis for all devices are listed in table [3.4] sorted by the device size to
demonstrate its influence on Tgie. Almost all devices have a rise time below 100 ps. The
fastest device fabricated with mask A is the Ta2 device with 636 ps, being slower by more

than one order of magnitude than the fastest devices fabricated with mask B, which is the
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Zr1 device with a rise time of 48.8 ps. This shows the benefits of mask B and underlines the
importance of small CPW structures. Suggestions for the optimization of the CPW struc-
tures with integrated VCM devices are, therefore, given in the next section. The HfA2, HfA3
and HfB1 device are the only devices fabricated with mask B and having a rise time of more
than 100 ps, which is due to their large size.

To show that all devices were almost fully charged during the pulses’ application, the
quotient of the maximum absolute voltage of Vpyr(t) and twice the pulse amplitude Vp is
built and shown as |Vmax/2v5| in the last column of table[3.4] The pulse amplitude amounts to
-0.52'V for the PSPL 2600C pulse generator and to -0.79 V for the PG5 pulse generator. If the
device was charged by less than 90 % of 2Vp during the application of the 250 ps pulse of the
PG5 pulse generator, its rise time was determined with the 10 ns pulse from the PSPL 2600C

pulse generator. Therefore, the quotient |Vmax/2v;| always amounts to 90 % or more. During
the application of the 10ns pulse from the PSPL 2600C pulse generator, all devices were
charged completely. Also, most of the devices excited with the PG5 pulse generator were
charged to almost 100 %. Only the devices on the HfAx and HfBx wafers were charged by
less than 95 %, which is due to their longer rise times, resulting from the occurrence of two
cut-off frequencies in the forward reflection, as described in section [3.2.3] The first cut-off
frequency occurs much earlier as for the other devices fabricated with mask B. Frequencies
above this first cut-off frequency are, consequently, missing in the reflection and do not

contribute to the rising edge of Vpyr(t).

Table 3.4.: Calculated rise times TR;ee for all devices listed in table TRise Was determined with
eq. from Tgae and Tpg. The devices are sorted by their size.

Device ‘ Size ‘ Mask ‘ Pulse generator ‘ Trc ‘ Tcale ‘ TRise ‘ |Vimax /217 |
Ta3 2 x 2 um? B PG5 34.5ps | T7.1ps | 69.0ps | 99.3%
Zrl | 2x2um® | B PG5 34.5ps | 59.8ps | 48.8ps | 100.0%
7r-C | 2x2um? | B PG5 34.5ps | 63.0ps | 52.1ps | 100.0%
Ta-C | 3 x 2um? B PG5 34.5ps | 68.3ps | 58.9ps | 100.0%
HfA1 2 x 3 um? B PG5 34.5ps | 103.2ps | 96.9ps | 92.3%
HfA2 | 3x3um2 | B | PSPL2600C | 359ps | 4l4ps | 206.2ps | 100.0%
HfB1 3 x 3 um? B PG5 34.5ps | 105.1ps | 99.0ps | 93.8%
HfB2 | 5x3um® | B PG5 34.5ps | 101.4ps | 95.0ps | 94.4%
HfA3 | 4 x 4um? B PSPL 2600C | 359ps | 448ps | 268ps | 100.0%
Ta2 5 x 5pum? A PSPL 2600C 359ps | 730ps 636 ps 100.0%
HfB3 | 10 x 10 pm? B PSPL 2600C 359ps | 753 ps 662ps | 100.0%
Tal 15 x 20 um? A PSPL 2600C 359ps | 2.57ns | 2.54ns | 100.0%

The rise times, TRise, from table are plotted in fig. against the device size. The
rise times of the devices fabricated with mask A are shown as blue points and the rise times
of the devices fabricated with mask B as orange points. Due to the different permittivities
and layer thicknesses, the data points are not perfectly comparable. Nevertheless, the device

size has a crucial nonlinear impact on the rise time for both masks. Fabricating smaller



3.3. OPTIMIZATION 71

T T
[ ]
103 + .
g ] )
3
S
107 I e Mask A 7
] Mask B

T R T
Device size [um?]
Figure 3.19.: Rise times (10 %-90 %) TRise from table against the device size. The rise times

of the devices fabricated with mask A are plotted in blue and the rise times of the
devices fabricated with mask B are plotted in orange.

devices than 2 x 2um? is not possible with the optical lithography process. Smaller devices
would not necessarily have faster rise times, as other limiting factors, such as the bandwidth
of the CPW structure, will become more limiting at a certain point. Although, only two
data points are available for mask A, they show a tendency for higher rise times at the same
device size, which shows the benefit of the optimized mask B. Most prominent is the rise
time of the HfB3 device (10 x 10 um?), which is four times larger than the Ta2 device (5 x 5
um?), but has almost the same rise time (see table .

3.3. Optimization

In the previous section, it was shown that the optimization of CPW structure with integrated
VCM device is crucial for fast experiments as the electrical charging time can easily vary by
one order of magnitude or more. Employing a fast pulse generator cannot compensate for

the use of a slow device, which can easily be shown by transforming eq.

TCalC =\ Tl?{ise + T}%Ga (34)

in which Ty, corresponds to the charging time of the device, taking into account the pulse
generator’s rise time, Tpg, and the device’s charging time Tgi. If an ideal pulse generator
with a negligible rise time (Tpg < TRrise) Was used, eq. would simplify to Teale & TRise,
and the electrical charging time of the device would be the only limitation.

As shown in the previous section, the charging time of the fastest devices fabricated with
mask B was reduced by more than one order of magnitude compared to the fasted device
fabricated with mask A. The reduction of the device size to 2 x 2um? (from 5 x 5pm?)
has the largest influence followed by the shortening of the narrowed area’s length to 10 um
(from 50 um) and shortening the CPW structure’s overall length to 590 um (from 930 um).

This section explains different methods to optimize the integration of VCM device into
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CPW structures and also discusses possible limitations |[100]. The suggestions made are also

transferable to other memory technologies, such as PCM devices.

3.3.1. Smaller structures

To achieve faster electrical charging times several parameters of the CPW structure can be

shortened:

1. The size of the VCM device itself is the most crucial factor on the electrical charging
time, as shown in table and fig. [3.19] Reducing the width of the VCM device, also
reduces the width of the inner conductor of the CPW structure in the narrowed area.
As shown in fig. [3.7] a smaller inner conductor’s width decreases the bandwidth of the
CPW structure, which also leads to a slower electrical charging. Below a certain device
size, the rise time will no longer be limited by the device size, but by the bandwidth
of the CPW structure. The optimum device would, therefore, have a short length,
but a broader width. Shortening the length of the VCM device is only limited by the

resolution of the optical lithography, which is in this case at 2 um.

2. The length of the narrowed area is also crucial for the bandwidth of the CPW struc-
tures. This is shown in fig. [3.7] in which the bandwidths of electrically short-circuited
CPW structures without integrated VCM device are compared. The CPW structures
fabricated with mask A had a narrowed length of 50 um and had a significant lower
bandwidth than the devices fabricated with mask B, on which the narrowed length has
been shortened to 10 ym. The only limitation is the length of the VCM device, which

depends on the resolution of the optical lithography, as mentioned above.

3. The overall length of the CPW structure has only a small effect on the electrical
charging time. Shortening its length reduces the angular capacitances between the
inner and outer conductors of the CPW structure, as shown in chapter [3.2.2, The
CPW structure’s length should, therefore, be shortened to the minimum size of the

contacting pads, which also constitutes a limitation.

3.3.2. Thicker electrodes

Thicker electrodes would increase the bandwidth of the CPW structure, as stated in [32].
All devices listed in table [3.1] have Pt conductors with a thickness between 20 nm and 30 nm,
which is far below the skin depth of Pt. As shown in chapter [[.3) Pt has a skin depth of
816nm at a frequency of 40 GHz. The use of thicker electrodes was tried, but resulted in
short circuits at the edges of the VCM device. To avoid these edges, the bottom and top
electrode needed to lie in one plane, which requires a completely different device fabrication.
To realize a vertical material stack without edges, the use of chemical mechanical polishing

or similar methods are required.
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3.3.3. Lateral devices

As the VCM device’s stack has a major influence on the device’s capacitance (see table |3.3))
and, consequently, on the electrical charging time (see fig. , removing this stack could
reduce the electrical charging time. This would require the use of lateral devices, which are,
however, difficult to realize for VCM devices. For other memory technologies, such as PCM,
lateral devices are more prominent [59]. Angular capacitances between the inner and outer
conductors of the CPW structure (as described in chapter and between the bottom
and top electrode would, however, remain. The latter scales with the lateral distance of the
two electrodes and the width of the inner conductor. This width could again be reduced by
narrowing the inner conductor, which would, however, again result in a trade-off between

the device’s remaining angular capacitance and the usable bandwidth of the CPW structure.






4. SET kinetics of VCM devices

This chapter summarizes the results of the SET kinetics of TaOy-, ZrO,-, and HfO, /TiO-
based devices. All of them could be driven from the HRS to the LRS by applying 50 ps pulses
with an amplitude of 5.0 V. To the author’s knowledge, this is the fastest SET time reported
for ReRAM devices. Also, the influence of the electrical charging time on the measured SET
kinetics is analyzed.

The SET kinetics of the Tal, Ta2, Ta3, Zrl, HfA2, and HfB1 device (see table were
measured. Firstly, the influence of the VCM device’s capacitance on the SET kinetics at
timescales below 10 ns is demonstrated. Here, the SET kinetics were measured and evaluated
manually as described in chapter 2.2.1] showing that the SET kinetics are mainly limited by
the VCM device’s capacitance. Later in chapter the results achieved with the automated
setup and evaluation method are shown. For the Ta3, Zr1, HfA2, and HfB1 device, the SET
kinetics could be measured on a timescale of 5ps. SET times down to 50 ps could be shown
in all devices, if sufficiently high voltages were applied. Also, fast transition times from the
HRS to the LRS down to 5ps could be observed for the HfA2 device. Finally, a model is
developed in chapter [£.3] which considers the electrical charging times from chapter [3.2.4]
which constitutes the main limitation of the SET kinetics in the subnanosecond regime.
Finally, the two other possible limits —the migration of oxygen vacancies and the heating

time of the conductive filament —are discussed.

4.1. Influence of capacitances on SET kinetics

The manual measurement procedure for the Ta2 device was in analogy to the one of the
Tal device (see chapter and is sketched in fig. The results are published in [100].
Prior to the application of the pulse, the device was driven to the HRS by applying a voltage
sweep of 2.0V at a sweep rate of 0.1V/s (red line in fig. with a Keithley 2634B SMU.
The device’s resistance was read at 0.5V during the descending part of the sweep (marked in
blue). Afterwards, 10 ns pulses with various amplitudes between -1.2V and -3.2V, emitted
by the pulse generator PSPL 2600C, were applied to the active Pt electrode of the Ta2 device
(green pulse). Finally, the Ta2 device was driven back to the LRS by applying a voltage
sweep of -1.5V at a sweep rate of 0.1V/s (right green line). The device’s resistance was read
again at -0.5 V during the descending part of the sweep (marked in blue). The second sweep

is conducted to verify the device’s functionality and to drive it into a comparable state at

75
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the beginning of each cycle. The Ta2 device was connected with the DC probes during the
application of the sweeps (green shaded area) and with the RF probes during the pulse’s

application (orange shaded area).

4

Figure 4.1.: Measurement cycle to determine the Ta2 device’s SET kinetics (2 x 2um?, Pt \TaOy
\Ta, see table . During the green shaded area the device is connected to the
DC probes and during the orange shaded area to the RF probes.

An exemplary voltage pulse with an amplitude of -1.3V (blue) and its current response
(red) is shown in fig. . After the occurrence of a capacitive peak at the beginning of the
pulse’s application, the measured current is near zero, which indicates that the device is still
in the HRS. The start of the pulse is defined as the time at which 20 % of the capacitive
peak’s maximum is reached, as explained in chapter[2.2.1] After 2.68 ns the current suddenly
increases, marking the SET event.
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(a) Vp =-1.3V. (b) Vp = -1.8V.

Figure 4.2.: (a) Voltage pulse (blue) with a duration of 10ns and an amplitude of -1.3V and its
current response (red). The SET event occurs after 2.68ns. (b) Current response
(IMeas, blue) of a 10 ns pulse with an amplitude of -1.8 V with its capacitive component
(Icap, orange) and the current through the device (Ipevice, green). The SET event
occurs after about 719 ps. All currents were smoothened with a Savitzky-Golay filter.

Adapted from .

At faster timescales, the Ta2 device switches within the capacitive charging of the Ta2 de-
vice. This is demonstrated in fig. in which the beginning of a current response, Iyjeas, Of
a voltage pulse with an amplitude of -1.8 V is shown in blue. As explained in chapter [2.2.1],
the capacitive current, Ic,, (orange), is determined using eq. and the current through
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the device, Ipeyice, using eq. [2.6] It increases after about 719 ps, which indicates the SET

event.
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Figure 4.3.: SET kinetics for the Tal and the Ta2 device. On the abscissa, twice the adjusted pulse
voltage, Vp, is indicated. Data from [37],100]

The SET kinetics of the Tal and Ta2 device are shown in fig. [£.3] On the abscissa, twice
the adjusted pulse voltage, Vp, is indicated, because this is the voltage, which is effectively
applied to the VCM device after the electrical charging time. Although, the VCM stack of
both devices was identical, the Ta2 device achieved significant faster SET times. The only
plausible reason for the bending of the kinetics below 10ns is the electrical charging of the
VCM device. As the Ta2 device is significantly smaller than the Tal device (5 x 5um? and
15 x 20 um?, respectively), it also has a smaller capacitance (1.11 pF and 4.60 pF, respectively,
see chapter . This smaller capacitance in turn leads to a faster electrical charging of
the Ta2 device, which leads to faster SET kinetics. As calculated in chapter and shown
in table [3.4] the rise time of the Tal device amounts to 2.54ns and the rise time of the
Ta2 device to 636 ps. This is close to the time at which the SET kinetics of both devices
start to bend towards slower SET times.

To achieve faster SET times mask B was designed, which includes smaller devices down
to 2 x 2um? (see fig. and other optimizations such as a shorter overall length of the

CPW structure (590 um, instead of 930 um) and a shorter narrowed length (10 um, instead
of 50 um).

4.2. SET kinetics on a sub-10-ps timescale

In this section, the results of the SET kinetics measured with the automated setup are shown.
Differently to the previous method, the pulse generator PG5 was used and the device was
connected to the RF probes during the entire cycle (see chapter [2.1.2]).
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4.2.1. Ta3 and Zrl devices

The measurements of the Ta3 (2 x 2um?, Pt\TaO,\Ta) and Zrl device (2 X 2um?
Pt\ZrO,\Ta) were published in [38]. The results show that both devices can reach a SET
time of 50 ps at 5.01 V and 3.16 V, respectively. The Zrl device can also reach a transition
time from the HRS to the LRS of 10 ps. Such fast SET and transition times were, to the
author’s knowledge, not yet reported for VCM devices.

The measurement procedure is depicted in fig. 1.4 The device is firstly driven to the
HRS with a positive voltage sweep (in red) with a maximum of 1.6V at a sweep rate of
0.5V/s. A faster sweep rate compared to the previous measurement was chosen to accelerate
the measurement procedure. As shown in fig. the leakage current of the bias tee is
still relatively small (less than 1pA) at this sweep rate. Afterwards, a short voltage pulse
is applied with the PG5 pulse generator (green). This pulse is the only signal applied to
the AC port of the bias tee during one cycle (orange shaded area). All other measurements
were conducted with the Keithley 2634B SMU (green shaded area) at the DC port. The
resistance is read at a voltage of -0.2'V before and after the pulse’s application (in blue).
The resistance was not read during the sweep, as in the previous measurement, to reduce the
impact of the leakage current on the resistance measurement. Finally, the device is driven
back to the LRS with a negative voltage sweep (green) with a minimum of -1.2'V at a sweep

rate of 0.5V/s and a current compliance of 300 uA.

VA AC SET DC SET
50 ps to 250 ps, -1.2V at 0.5V/s,
05Vto-25V CC =300 pA

DC RESET Read HRS Read LF;S_\/ t
1.6Vat05V/s at-02V at-0.2V

Figure 4.4.: Measurement cycle to determine the Ta3 and Zrl device’s SET kinetics. The green
shaded area marks the part, measured by the Keithley 2634B SMU at the DC port of
the bias tee and the orange shaded area marks the part, in which the pulse from the
PG5 pulse generator is applied to the AC port of the bias tee.

Starting from 50 ps, the pulse width was increased in steps of 5 ps, until a pulse width of
250 ps is reached. This cycle is repeated at least 10 times at each pulse width. If the resistance
in the HRS was not in the range between 10k() and 30k{2, the cycle was discarded in the
subsequent evaluation and repeated until 10 cycles had an HRS resistance in this range.
This is done to achieve a suitable comparison. As shown in [161], the HRS of a HfO, /TiO-
based VCM device has an impact on its SET kinetics. The voltage amplitude is varied with
different broadband attenuators placed between the pulse generator and the bias tee. With
these attenuators, the pulse voltage can be adjusted between -5.0 V without attenuation and
-0.5V with an attenuation of 20 dB. The attenuation values used in this section are 6 dB

(-2.5V), 10dB (-1.6 V), 13dB (-1.1V), 16dB (-0.8V), and 20dB (-0.5 V). For every cycle,
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the ratio Rirs/Rrugs has been built. The device’s resistance did not change during the cycle,
if Birs/Rygs is around unity. The device switched from the HRS to the LRS, if Brrs/Rryps
is close to zero. To achieve smoother transients for the ratio Brost/Rprg, the measurements

were repeated until smooth lines at each pulse amplitude were achieved.

The results for the Ta3 device at all applied pulse voltages are shown in fig. as boxplots.
On the abscissa the FWHM of the applied pulse is plotted. To calculate the FWHM, the
measured transmitted voltage was first interpolated linearly, as explained in chapter [2.1.2]
Otherwise, the FWHM could only take discrete multiples of the oscilloscope’s sampling time
(10ps). If the FWHM is shorter than the adjusted pulse width (which can occur as shown
below), the adjusted pulse width is used instead. On the ordinate, the ratio Birs/rugs is
given. Each boxplot contains at least 10 values for Birs/rugs, and all Ryrg values were in
the range between 10k(2 and 30k() as explained above. The red bar in the boxplots marks

the median value.

The results for the Zrl device are shown in fig. [£.6] At the lowest voltage, the ratio
Rurs/Rygs of both devices remains at unity for all pulse widths, which means that the devices
did not switch to the LRS. This is shown in fig. for the Ta3 device at 2Vp = —1.6V
and in fig. for the Zrl device at 2Vp = —1.0 V. At higher voltages, Birs/Rrugrs begins to
decrease after a certain time. This is illustrated for the Ta3 device in fig. at a voltage
of 2Vp = —2.2V. At short FWHMs, Birs/rygs remains again near unity. At a FWHM of
85 ps, the box plot starts to broaden, reaching also values close to zero, which means that
at this FWHM, the SET event occurs randomly. The median value is, however, still close
to unity, meaning that the Ta3 device did not switch to the LRS during most cycles. At
longer FWHMSs of 95 ps, the median value of Birs/ryrs starts to decrease, reaching a value
of 0.12 at a FWHM of 120 ps. Also, the broadening of the boxplot decreases significantly,
which means that during almost all cycles the Ta3 device switched to the LRS. A similar
observation can be made for the Zrl device at a voltage of 2Vp = —1.6V in fig. [£.6d Both
measurements were aborted after the devices switched to the LRS at every cycle in order to
reduce the stress on the devices.

By increasing the absolute pulse voltage, the SET event occurs at even shorter FWHMs.
Both devices begin to switch at 50 ps at a voltage of 2Vp = —3.2V for the Ta3 device (see
fig. 4.5b)) and at a voltage of 2Vp = —2.2V for the Zrl device (see fig. . At the highest
absolute voltage both devices switch to the LRS at the shortest available FWHM of 50 ps
during each cycle. The measurement was, therefore, again aborted to reduce the stress on
the devices. This is shown in fig. for the Ta3 device at a voltage of 2Vp = —5.0V and
in fig. for the Zrl device at a voltage of 2Vp = —3.2V.

A disadvantage of the data representation in fig. and fig. is that the ratio Firs/Rygs
yields no absolute values of the HRS and the LRS. The HRS was chosen for both devices in
the range from 10k(2 to 30k(2. To get more information on the absolute LRS values, they
were plotted in fig. as boxplots for the Ta3 device. The LRS values have the same trend
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Figure 4.5.: SET kinetics of the Ta3 device (see table . The SET event has been defined as the
time at which the median value (red bar) reaches values below 0.5 (horizontal dashed
line). The green shaded areas in (b) and (c¢) mark the transition time (20 %-80%).
Reprinted from [38], with the permission of AIP Publishing.
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Figure 4.6.: SET kinetics of the Zrl device (see table . The SET event has been defined as the
time at which the median value (red bar) reaches values below 0.5 (horizontal dashed
line). The green shaded areas in (b) and (c¢) mark the transition time (80 %-20%).
Reprinted from [38], with the permission of AIP Publishing.
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as the ratio Birs/rugs. They start at short FWHMs in the range from 10kS2 to 30k and
decrease with increasing FWHMs down to 1.54 k(). In the following, only the frrs/ryrs will
be shown to maintain conciseness. The LRS values will, however, be shown in the appendix
section [Bl The LRS values of the Zrl device are, for example, shown in fig. reaching
LRS values down to 482 ().

Two exemplary current responses of a 50 ps long pulse are shown in fig.[4.8] The Ta3 device
switched from the HRS at 24.6 k{2 to the LRS at 1.58 k() during the application of a pulse
with an amplitude of 2Vp = —5.0V (see fig. and the Zrl device switched from the
HRS at 19.4k€) to the LRS at 6532 during the application of a pulse with an amplitude
of 2Vp = —3.2V (see fig. 4.8b). The FWHM of the captured current responses amount to
42.1 ps for the Ta3 device and to 43.1ps for the Zrl device. The SET time, however, does
not amount to these values, because the effectively applied voltage has a longer FWHM.
The shorter values for the FWHM in the current response result from the higher forward
transmission of higher frequencies and higher forward reflection of lower frequencies in the
scattering parameters of the Ta3 and Zr1 device (see fig. . In turn, the transmitted signal
comprises higher frequencies than the reflected signal, which results in the short FWHM.
As mentioned above, in this case the adjusted pulse width is used as FWHM.

The median values for the ratio Rirs/rygs are plotted in fig. [4.9] The data of the Ta3 device
(solid lines) are from fig. 4.5/ and the data of the Zrl device (dashed line) from fig. 4.6, The
color of the curves indicates the pulse amplitudes. From these curves, the SET times and
transition times of the Ta3 and Zrl device were determined. The SET time is defined as
the shortest FWHM, at which Rirs/Rygs reaches a value below 0.5. For this purpose, a
horizontal line is drawn in fig. [4.9| (also in fig. and fig. [4.6)), which marks the SET time.
The transition time from the HRS to the LRS is defined as the timespan from the last
value of Rirs/Rygs above 0.8 and the first below 0.2. It is marked as green shaded area in
fig. and fig. for the Ta3 device and the Zrl device, respectively. The most prominent
transition time is the one observed for the Zrl device at a pulse voltage of Vp = —1.1V
(see also fig. . The median of Brrs/ryrs at 50 ps remains at unity, which indicates that
during most of the 50 ps cycles, the Zr1l device remained in the HRS. At 60 ps, however, the
median of Birs/Rryrs drops below 0.1. The narrowness of the boxplot at 60 ps also indicates
that the Zrl device switched to the LRS during every cycle. The Zrl device never switched
completely to the LRS at 50 ps, but always at 60 ps. Consequently, the transition from the
HRS to the LRS must have occurred during the additional 10 ps.

The SET times in fig. could be determined on a picosecond timescale. Again, twice
the adjusted absolute pulse amplitude |2Vp| is plotted on the abscissa, as this is the effective
voltage seen by the VCM device at the end of its electrical charging. Also, determining the
SET time from the ratio Birs/rurs is advantageous, compared to determining it from the
current through the device (see chapter, because it can also be evaluated automatically.

Furthermore, a much larger data set is evaluated. Consequently, this evaluation method also
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Figure 4.7.: SET kinetics of the Ta3 device (see table [3.1)) representing the LRS values. The data
set is identical to the one from fig. The red bar in the boxplot marks the median.
The green shaded areas in (b) and (c¢) mark the transition time (80 %-20 %). Reprinted
from the supplementary information of [38], with the permission of AIP Publishing.
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Figure 4.8.: (a) Ta3 device’s current responses of a 50 ps pulse with an amplitude of 2Vp = —5.0 V.
(b) Zr1 device’s current responses of a 50 ps pulse with an amplitude of 2Vp = —3.2V.
The change in resistance is indicated on the lower left for both devices. Adapted
from [38], with the permission of AIP Publishing.
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Figure 4.9.: Median values of the ratio RLrs/Rygs for the Ta3 device (solid lines, data from fig.
and the Zrl device (dashed lines, data from fig. [4.6). The color of the lines indicates
the pulse amplitude. Reprinted from [38], with the permission of AIP Publishing.

takes the device’s cycle-to-cycle variability into account. Measuring the transition time is

even possible down to 10 ps, as shown in the previous paragraph.

Nevertheless, determining the SET event from the current responses is also possible. The
smaller dimensions on mask B also lead to lower capacitive peaks in the devices’ current
responses. This is demonstrated for the Zrl device in fig. [£.11] in which the current response
Iveas (blue line) of a 250 ps pulse with an amplitude of -0.8V is shown. After the first
capacitive peak, the current decreases to almost zero, indicating that the device is in the
HRS. After 145 ps, Iyeas increases again, which marks the SET event. To further illustrate
this, the capacitive current I, (orange line) is determined with eq. . Finally, the current
through the device Ipeyice (green line) is determined with eq. , in which the SET event
is even more prominent. The transient of Brrs/rurs of the Zrl device at a pulse amplitude
of Vp = —0.8V (see red-dashed line in fig. 4.9) also crosses the 0.5 threshold at a FWHM
of 145 ps. This shows that both methods to determine the SET time yield similar results.
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Figure 4.10.: (a) SET times of the Ta3 and Zr1 device, determined in fig. (see horizontal line).

(b) Transition times (80 %-20 %) of the Ta3 and the Zrl device. Only two data points
per device are shown, because the transition time can only be determined if the device
starts in the HRS at short FWHMSs and ends in the LRS at long FWHMs. This is
only the case for two measurements for each device. Twice the adjusted absolute pulse
amplitude |2Vp| is plotted on the abscissa, as this is the effective voltage at the end
of the electrical charging. Adapted from [38], with the permission of AIP Publishing.

Determining the SET time from the transient of Rirs/Rygs is, however, less elaborately and

is, therefore, used in the following.
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Figure 4.11.: Measured current response Ipjeas (blue line) of the Zrl device after the application of

a 250 ps pulse with an amplitude of Vp = —0.8 V. The capacitive current Ic,, (orange
line) was determined with eq. and the current through the device Ipevice (green
line) with eq. The SET event occurring after approximately 145 ps is indicated.
Adapted from [38], with the permission of AIP Publishing.

The SET and transition times of the Zr1 device are shorter than the ones of the Ta3 device,

as shown in fig. 4.10, Several possible origins for this observation are discussed in the

following:

1. The SET kinetics of VCM devices depend strongly on the chosen RESET voltage [142]
and on the value of the HRS [161]. To eliminate these influences the RESET voltage
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was chosen identically for both devices (1.6 V, see fig. and it was made sure that
the devices’ HRS is in the range from 10k to 30k2. A deeper discussion, showing
that the devices’ HRS cannot be the origin of the shift in the SET kinetics of the Ta3

and Zrl device, can be found in the supplement of [38].

2. As shown in chapter [3.2.4] the electrical charging times of the Ta3 and Zrl device
amount to 69.0 ps and to 48.8ps (see table [3.4), respectively. At [2Vp| = 2.2V in
fig. the SET times of the Ta3d and Zrl device amount to 105ps, and 55 ps,
respectively. This large discrepancy of the SET times cannot be explained by the

different electrical charging times to this extend.

3. A higher SET voltage shifts the SET kinetics towards higher voltages, which is equiva-
lent to slower SET times at the same applied voltage. For this purpose, 410 additional
sweeps were conducted for both devices at a sweep rate of 0.5V/s. The settings of the
sweeps are identical to the ones from table [3.2l Two exemplary sweeps of the Ta3
and Zrl device were already shown in fig. and fig. [3.4d] respectively. The SET
voltage was defined as the voltage at which the device’s current surpasses a threshold
of 250 yA. The results for the SET voltage of both devices are shown in fig. The
mean of the Ta3 device’s SET voltage amounts to 0.75V and the median to 0.74 V.
The mean and median of the Zrl device’s SET voltage amount to 0.64 V.

T T T T T T
Ta3
80 zr1 ]
60 | -
B3
40 b -
20+ -
0 1 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1.0

SET Voltage [V]

Figure 4.12.: SET voltages of the Ta3 (blue) and Zrl device (orange). For each device, 410 sweeps
were conducted with settings from table The SET event is defined as the voltage
at which the device’s current surpasses the threshold of 250 pA. The mean of the
Ta3 device’s SET voltage amounts to 0.75 V and the median to 0.74 V. The mean and
median of the Zrl device’s SET voltage amount to 0.64 V.

To demonstrate the impact of the SET voltage on the SET kinetics (point 3), the SET
times from fig. were again plotted in fig. but this time the absolute pulse volt-
age |Vp| of the Ta3 device has been shifted by -0.1V, which corresponds to the difference
of the Ta3 and Zrl device’s median SET voltage. As the SET voltage was determined with

quasistatic sweeps (sweep rate: 0.5V/s), charging effects can be neglected. The SET kinetics
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of the Ta3 device are now much closer to the SET kinetics of the Zr1 device, which indicates
the strong influence of the SET voltage. The still slightly slower SET times of the Ta3 device

can be explained by the difference in the electrical charging time, as described by point 2.
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Figure 4.13.: SET times from fig. However, this time absolute pulse voltage |Vp| of the
Ta3 device has been shifted by -0.1V to take the SET voltage’s influence on the SET
kinetics into account.

The lower SET voltage of the Zrl device could be attributed to its lower migration barrier
for oxygen vacancies. For yttrium-stabilized ZrOy with low yttrium concentrations, the
migration barrier is always below 0.6eV [166]. In TaOy, in contrast, the migration barrier
is reported to be above 1eV [167,[168]. In addition, different thermal conductivities in ZrOy
and TaO, could influence the temperature in the device and, thereby, have an impact on the
SET voltage.

4.2.2. HfFAx and HfBx devices

To demonstrate that the devices on the HfAx and HfBx wafer can also achieve fast SET
times, the SET kinetics of the HfA2 and HfB1 device (both: 3 x 3um?, Pt\HfO,\TiO,\Ti)
are shown in this section.

The measurement procedure is shown in fig. [£.14l Tt is very similar to the one used
for the Ta3 and Zrl device (see fig. [4.4). As mentioned in section [3.2.1] a lower RESET
voltage of -1.2'V had to be used, because the devices on the HfBx wafer reached significantly
higher HRSs. Nevertheless, the HRSs scattered in the range from 10k(2 to 200 k(2 for the
HfA2 device and from 30 k€2 to 500 k€2 for the HfB1 device, which makes a comparison to the
Zr1l and Ta3 devices’ SET kinetics impossible (ranging from 10k to 30k2). As mentioned
above, the SET kinetics strongly depend on the chosen RESET voltage [142] and on the
HRS [161]. Also, a current compliance of 500 pA was used instead of 300uA. The pulse
amplitudes (ranging from -0.8V to -2.5V) and durations (ranging from 50 ps to 250 ps in
steps of 5ps) are, however, identical to the ones applied to the Ta3 and Zrl device. Each

cycle was repeated at least 10 times until a smooth curve was achieved.
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VA AC SET DC SET
50 ps to 250 ps, -1.2Vat 0.5V/s,
-0.8Vto-25V CC=500pA

b >
DC RESET Read HRS Read LRS
1.2Vat0.5V/s at-02V at-0.2V

Figure 4.14.: Measurement cycle to determine the HfA2 and HfB1 devices’ SET kinetics. The green
shaded area marks the parts measured by the Keithley 2634B SMU at the DC port
of the bias tee and the orange shaded area the part, in which the pulse from the
PG5 pulse generator is applied to the AC port of the bias tee.

The results of the ratio Rirs/Rrugs of the HfA2 and HfB1 device are shown in fig. and
fig. respectively, in form of boxplots. The LRS values can be found in the appendix
section B} The minimum LRS value amounts to 817 2 for the HfA2 device (see fig. and to
976 Q2 for the HfB1 device (see fig. . At the lowest applied pulse voltage of 2Vp = —1.6 V,
both devices did not switch to the LRS. At a FWHM of 250 ps, the HfA2 device’s BLrs/Ryps
median shifted towards 0.5 (see fig. , but did not fall below 0.5 and, therefore, no SET
time could be derived. Meanwhile, the median value of the HfB1 device remained at unity
for all FWHMs (see fig. , although the boxplots also broadened towards 0.5.

At a voltage of 2Vp = —2.2V, both devices switched to the LRS. The HfA2 device (see
fig. switched at a FWHM of 150 ps and the HfB1 device switched a little earlier at
140 ps (see fig. . It is striking that the transition of the HfB1 device’s median has
a step like function and jumps from values close to unity to values close to zero, which
corresponds to a transition time of only 5ps. The broadening of the box plots in the region
of the SET event indicates, however, a stochastic process at this timescale and, therefore, this

observation does not prove that the transition occurs truly within 5 ps. A similar observation
can be made at a voltage of 2Vp = —3.2V. The HfA2 device switched at 100 ps to the LRS
(see fig. and the HfB1 device again a little earlier at 90 ps (see fig. .

At the highest applied voltage of 2Vp = —5.0V, the HfA2 device switched to the LRS
within 55 ps (see fig. and the HfB1 device already switched at a FWHM of 50 ps
to the LRS (see fig. |4.16al). To show that the HfA2 device can also switch faster than
55 ps, an additional 50 ps pulse with an amplitude of 2Vp = —7.1V has been applied to the
HfA2 device, during which it switched from the HRS (165k2) to the LRS (2.11kQ2). The
current response is shown in fig. [£.17a, which indicates that the FWHM of the applied pulse
(50 ps) has been preserved. An exemplary current response of a 50 pulse with an amplitude
of 2Vp = —5.0V applied to the HfB1 device is shown in fig. [£.170] Again, the FWHM has
been preserved and the device switched from the HRS (88.3k(2) to the LRS (5.15k2).

The median values of the ratio Rrs/Rygs of the HfA2 and HfB1 device are shown in fig.
as solid and dashed lines, respectively. The median values are also indicated in fig. and
fig. as red bars. The horizontal dotted line at 0.5 marks the threshold for the SET time,
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(d) HfA2 device, Vp = —0.8V.

Figure 4.15.: SET kinetics of the HfA2 device (see table . The SET event has been defined
as the time at which the median value (red bar) reaches values below 0.5 (horizontal
dashed line). The green shaded areas in (a), (b), and (c) mark the transition time

(20 %-80 %).
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Figure 4.16.: SET kinetics of the HfB1 device (see table . The SET event has been defined as the

time at which the median value (red bar) reaches values below 0.5

(horizontal dashed

line). The green shaded areas in (b) and (¢) mark the transition time (80 %-20 %).
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Figure 4.17.: (a) HfA2 device’s current responses of a 50 ps pulse with an amplitude of 2Vp =
—7.1V. (b) HfB1 device’s current responses of a 50ps pulse with an amplitude of
2Vp = —5.0 V. The change in resistance is indicated on the lower left for both devices.
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Figure 4.18.: Median values of the ratio Birs/Rrugs for the HfA2 device (solid lines, data from
fig. [4.15)) and the HfB1 device (dashed lines, data from fig. |4.16|). The color of the
lines indicates the pulse amplitude.

which is almost identical for both devices. The transition to the LRS of the HfB1 device
occurs much more abruptly than the transition to the LRS of the HfA2 device. This can be
attributed to the higher HRS of the HfB1 device, which leads to a more abrupt SET transi-
tion. This was also observed for crossbar equivalents of the HfA2 and HfB1 devices [161].

The derived SET and transition times for the HfA2 and HfB1 device are shown in fig. [£.19
The SET time for the HfA2 device at [2Vp| = 7.1V was determined with the single pulse
from fig. [4.17al As already mentioned above, the SET kinetics are very similar, which is
expected, because the material stacks of both devices are almost identical. It was, however,
shown in chapter that the electrical charging time of the HfA2 and HfB1 device amount
to 206.2 ps and 99.0 ps, respectively. Consequently, a faster SET kinetic for the HfB1 device
is expected. The higher HRS of the HfB1 device also influences the SET kinetics [161], which

may compensate for the HfB1 device’s shorter electrical charging time.
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Figure 4.19.: (a) SET times of the HfA2 and the HfB1 device, determined from fig. (see
horizontal line). (b) Transition times (80 %-20 %) of the HfA2 and the HfB1 device.
Determined from fig. and fig. (see green shaded area). Twice the adjusted
absolute pulse amplitude |2Vp| is plotted on the abscissa, as this is the effective voltage
at the end of the electrical charging.

As shown in fig. [£.19D] the HfA2 device’s transition time depends on the applied voltage
and it amounts to only 5ps at 2Vp = —5.0V. All values of Birs/ryrs at a FWHM of 50 ps
were above the 0.5 threshold of the SET time (see dashed line in fig. and all values of
Rirs/Rygs at & FWHM of 55 ps were below this threshold. This indicates that the transition
from the HRS to the LRS can truly occur within 5 ps. For the HfB1 device, the transition
was always abrupt, which might correlate with the higher HRS state, which facilitates abrupt
SET transitions [161]. The boxplots in this area are, however, very broad and, therefore, the
determined transition times of the HfB1 device of 5 ps cannot be confirmed. The time-span

of the determined transition times of the HfA2 and HfB1 device is marked as green shaded
areas in fig. and fig. respectively.

4.3. Switching speed limit of VCM devices

Different limiting mechanism of the SET kinetics are summarized in [36]. The argumentation
in this section was published in [100]. At slow timescales (above 10ns), the migration of
oxygen vacancies is limiting the SET [80] and RESET kinetics [94].

In the fast regime (below 10 ns), the electrical charging time or the heating time of the VCM
device dominates the switching kinetics. So far, the heating time has only been estimated
with finite element simulations. These models have, however, several uncertainties, such as
the geometry of the filament and the thermal properties (thermal conductivity, heat capacity,
and mass density), which are difficult to estimate for thin films, as they differ from their
bulk values. So far, simulation results indicate that the heating could occur only within

tens of picoseconds [36,/97] or several nanoseconds [80]. The electrical charging time was
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already determined in chapter and can reach values down to 48.8 ps for VCM devices
incorporated into CPW structures (see table [3.4)).

To test the impact of the electrical charging time on the SET kinetics, the results of Tal
(15 x 20 pum?), Ta2 (5 x 5pm?), and Ta3 device (2 x 2 um?) are summarized in fig. [4.20 The
blue dots of the Tal device mark the slow regime above 10ns . The SET times in
the fast regime of the Tal (orange dots) and Ta2 device (green dots) were already shown in
fig. and the SET times of the Ta3 device (red dots) in fig. The electric charging
times of these three devices amount to 2.54ns for the Tal, to 636 ps for the Ta2, and to
69.0 ps for the Ta3 device. The influence of this electric charging time on the SET times in
the fast regime (below 10ns) is clearly visible, as the devices with shorter electrical charging

times, also achieve faster SET times.
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Figure 4.20.: SET kinetics of the Tal device (blue and orange points), the Ta2 device
(green points), and the Ta3 device (red points). These data were already shown
in fig. [4.3] and fig. Eq. [£] is drawn as blue dotted line corresponding to an
empiric fit to the Tal device’s slow regime (blue points). With this equation, the
influence of the electrical charging time on the device’s SET kinetics was calculated
and the results are drawn as solid lines. Twice the pulse amplitude is indicated on
the abscissa corresponding to the voltage at the device at the end of its electrical
charging. Adapted from [100].

Physically, the SET kinetics are limited by the migration of oxygen vacancies in the slow
regime (blue dots in fig. 4.20)) and are only little influenced by the device’s electrical

charging or heating time. Therefore, this slow regime reflects the intrinsic speed limit of
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ReRAM devices. An empiric function was fitted to this regime in [37]:

ten(t) =t oxp (o). (4.0

with k = 11.2V and Vy = 0.162V serving as fitting parameters. The reciprocal value of
the attempt frequency of amorphous TaO, amounts to t, = 1.19 - 10713 [169]. Eq. is
plotted as blue dotted line in Fig. To prove that the bending of the SET kinetics in
the fast regime towards slower SET times originates from the electrical charging time, the
SET times were calculated by using eq. [£.1} while considering the electrical charging time,

which is explained in the following.

For every applied pulse in Fig. , the voltage at the device Vpyr(t) was calculated
with the device’s scattering parameters, as described in chapter [2.1, The SET time for the
first value in time of |Vpyr(t)| above Vo = 0.162V (referred to as V;) is calculated with
eq. (tser(V1)). Then, the quotient ¢; = tswi%’ with the oscilloscope’s sampling time
ts = 10ps, is built, which corresponds to a state variable, describing the current state of
the VCM devices. For ¢; < 1, the SET time is longer than tg and, consequently, the VCM
device did not switch during this time frame. |Vpyr(t)| is low at the beginning of a pulse

and, therefore, the value of ¢ is always below 1.

In the next step, the following values of |Vpyr(t)| are analyzed. The i-th value above

0.162V is referred to as V;. For all values of V;, the quotients ¢; = are built, and

t
tSETS(Vi)
added up until their sum reaches 1 (X7 ,¢; > 1). Finally, the SET time is calculated by

multiplying the number of iterations n with tg, which is done for all three devices.

The calculated SET times are plotted as solid lines in fig. [£.20] They match the measured
SET times well, which indicates that the SET kinetics are only limited by the electrical
charging of the VCM devices. A similar procedure was used in a previous study to demon-
strate that the SET kinetics of SrTiO3 devices are limited in the slow regime by the migration

of oxygen vacancies [105].

As the electrical charging is the limiting factor of the SET kinetics down to 50 ps, the
heating of the VCM device must occur on a faster timescale. A finite element study con-
ducted by S. Menzel suggests heating times between 120 ps and tens of picoseconds [36]. The
results of this section confine this interval to a maximum heating time of 50 ps for filamentary
TaOy-based devices. As mentioned above, the heating time also depends on the filament’s
geometry and the thermal properties of the device and, therefore, this conclusion cannot
be made for other VCM devices. The heating time scales with the volume of the heated
area, which is mainly the conductive filament [80]. The filament’s diameter is, however,
significantly smaller than the device’s feature sizes (e.g. having a diameter of 1nm to 3nm
in HfO4-based devices 78] or 2nm to 4nm in SrTiOs-based devices [77]) and, therefore, no

change in the heating time is expected for smaller devices than 2 x 2um?, down to sub-
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10-nm scaled devices. The charging time can, however, be further reduced by nanoscaling
VCM devices [36].






5. RESET kinetics of VCM devices

In the previous chapter 4} fast SET operations within 50 ps were demonstrated with TaO,-,
ZrOx-, and HfO, /TiO-based devices. To the author’s knowledge this is the fastest SET time
observed in VCM devices. As shown in this chapter, achieving similar fast RESET times
with these devices proved, however, to be more challenging and 50 ps fast RESET times
could only be realized reproducibly on HfO, /TiO«-based devices. Nevertheless, the observed
RESET failure was analyzed and could be identified as a unipolar switching mode. Due to
the nonlinearity of the RESET kinetics, faster RESET times require higher voltages. These
higher voltages trigger, however, a unipolar SET event, which prohibits faster RESET times.

Firstly, the RESET times were determined for the Ta3 (2 x 2um?, Pt\TaO,\Ta, more
details in table [3.1)), and Zr1 device (2 x 2 pm?, Pt\ZrOx\Ta) in the sub-100 ns time regime,
which is shown in section [5.1.1} In this regime, reproducible fast switching times down to
480 ps could be observed for both devices. No reproducible RESET operations could be
achieved on the timescale between 50 ps and 250 ps (see section . Instead of switch-
ing to a higher resistance during the application of a positive voltage pulse to the active
Pt electrodes, the devices’ resistance decreased. It was even possible to switch both devices
from the HRS to the LRS with a positive voltage pulse to the active Pt electrode (see sec-
tion . Combining these results allowed the construction of a programming window for
the RESET operation (see section [5.1.4)), showing that the Ta3 and Zrl device’s RESET
kinetics is intrinsically limited by the coexistence of the unipolar switching mode. By in-
troducing an oxygen-blocking C layer between the active Pt electrode and the Ta, or ZrO,
layer, 50 ps fast RESET times could be shown for both ZrO,- and TaO,-based devices, but
not reproducibly.

Later, in section , the RESET kinetics of the HfA1, HfA3, HfB2 and HfB3 device (all
Pt\HfO,\TiO4\Ti, see table [3.1)) are shown. Some devices on the HfAx and most devices on
the HfBx wafer switched reproducibly from the LRS to the HRS at FWHMs below 60 ps. On
the other devices, also unipolar SET operations were observed. The only difference between
the two samples (HfAx and HfBx) is the deposition method of the active Pt electrode, which
was once deposited using a standard RF magnetron sputtering technique, and once with an
off-axis sputtering tool. The devices on the HfBx wafer were fabricated with the off-axis
sputtering tool and most of them could be switched to the HRS.

The unipolar SET voltage was characterized for several devices on the Ta3, Zrl, HfAx and

HfBx device’s wafers. The devices on the HfBx wafer had the highest unipolar SET voltage
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indicating a correlation with the facilitation of fast RESET times. Higher unipolar SET
voltages could remove the RESET speed limit. For this purpose, suggestions to achieve
higher unipolar SET voltages are given. Finally, an analogy to the SET programming
window of PCM devices is given, which compares the intrinsic speed limiting processes

of both memory types.

5.1. RESET kinetics of TaO.- and ZrO.-based devices

5.1.1. Sub-100 ns time regime

The measurement procedure to determine the Ta3 and Zrl device’s RESET kinetics on a
sub-100ns timescale is sketched in fig. [5.1] Firstly, the device was driven to the LRS with
a negative voltage sweep with an amplitude of -1.2V at a sweep rate of 0.5V/s. A current
compliance of 300 uA was used to prevent the devices from taking damage and to reach a
resistance window from 1.0k to 3.0 k(2. Positive voltage pulses were, subsequently, applied
with the PSPL 2600C pulse generator to the active Pt electrode of the devices. The pulse
width was varied between 3ns and 100 ns and the pulse amplitude between 0.6 V and 1.0 V.
As explained below, the RESET time is determined from the measured current response,
which was measured with the Tektronix DPO77704D oscilloscope. The devices’ resistance
was read before and after the application of the pulse at a voltage of -0.2V, which are
referred to as Rprg and Rpogr, respectively, throughout this chapter. Finally, a sweep with
a positive voltage of 1.6 V was conducted at a sweep rate of 0.5V/s. This sweep ensures that

the devices start each cycle in a similar state.

VA
DC SET
-1.2Vat0.5V/s,
CC=300pA
Read PRE  ACRESET Read POST DC RESET t

at-0.2V 3nsto100ns, at-0.2V 1.6Vat0.5V/s
0.6Vto1.0V

Figure 5.1.: Sketch of the measurement cycle to determine the Ta3 and Zr1 device’s RESET kinetics
on a sub-100ns timescale. The green shaded area marks the parts measured by the
Keithley 2634B SMU at the DC port of the bias tee and the orange shaded area the
part, in which the pulse from the PSPL 2600C pulse generator is applied to the AC port
of the bias tee.

The resulting RESET kinetics of both devices are plotted in fig. [5.2] The determination
of the RESET time is explained in chapter (see fig. . Both devices show a strong
nonlinear dependence of the RESET time on the applied pulse voltage. The RESET times
of the Zrl device (orange triangles) are a little faster than the ones of the Ta3 device. At
an amplitude of 2Vp = 1.6V, the RESET kinetics of the Zrl device start to bend due to
the relative long rise time of the PSPL 2600C pulse generator (= 359 ps). The Zrl device’s
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rise time of 48.8 ps (see table contributes only little to this bending. At an amplitude
of 2Vp = 1.8V, no RESET time could be determined for the Ta3 device, which is explained

below.

lm B Ta3
1 & Zrl
o~ 10 nE- n .
5 [ ]
@ &
& R
1nk .
] | |
1 1 1 1 1 1
1.3 1.4 1.5 1.6 1.7 1.8

2Vp [V]

Figure 5.2.: RESET kinetics of the Ta3 (blue squares) and Zr1 device (orange triangles). Twice the
adjusted absolute pulse amplitude 2Vp is plotted on the abscissa, as this is the effective
voltage at the end of the electrical charging.

The two fastest detected RESET times of the Ta3 and Zrl device are shown in fig. [5.34]
and fig. [5.3b| respectively. The pulse width of both pulses was reduced to prevent the devices
from damage. A 10ns voltage pulse with an amplitude of 2Vp = 1.6V was applied to the
Ta3 device and a 2ns voltage pulse with an amplitude of 2Vp = 1.8V was applied to the
Zr1 device. During the pulse’s application the Ta3 device switched from 1.39 k{2 to 18.23 k(2
and the Zrl device from 1.55 k{2 to 132k(2. The determined RESET time amounts to 760 ps
for the Ta3 device and to 480 ps for the Zrl device. The current peak at the beginning of
the Zr1l device’s current response has a much larger amplitude than the capacitive peak and
the end of the pulse. The integral below a capacitive peak corresponds to the electric charge
and it must be identical at the beginning and at the end of the pulse. As the current peak at
beginning of the pulse is much larger, this shows that the peak at the beginning can only be
little influenced by the capacitive current and, therefore, corresponds mainly to the current

through the device.

As mentioned above, the RESET time of the Ta3 device could only be determined up to an
amplitude of 2Vp = 1.6 V (see fig. . During the application of a 4 ns pulse with an ampli-
tude of 2Vp = 1.8 V the Ta3 device’s resistance surprisingly decreased from 1.39 k2 to 990 €2,
instead of increasing, as it did for the pulses with a lower amplitude. The corresponding
current response is shown in fig. [5.4] Different to the previously shown current responses, the
current increased to 3.0mA (instead of 1.5mA), which indicates that a sudden increase in
conductivity must have occurred at the beginning of the pulse’s application, which prevents
the device from switching to the HRS. Fortunately, the occurrence of this current increase

did not destroy the Ta3 device. Nevertheless, the measurement was aborted to prevent the
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Figure 5.3.: (a) Current response of the Ta3 device, during the application of a 10ns pulse with
an amplitude of 2Vp = 1.6 V. The RESET event was detected at 670 ps. (b) Current
response of the Zrl device, during the application of a 2ns pulse with an amplitude of
2Vp = 1.8 V. The RESET event was detected at 480 ps. The current responses of both
devices were smoothened with a Savitzky-Golay filter.
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Figure 5.4.: Ta3 device’s current response to a 4ns pulse with an amplitude of 2Vp = 1.8 V.

device from taking damage. This phenomenon was also observed for the Zrl device at faster

timescales, which is shown in the following.

5.1.2. Time regime from 50 ps to 250 ps

Regular RESET mode

The measurement procedure of the Ta3 and Zr1 device’s RESET kinetics in the time regime
from 50 ps to 250 ps is sketched in fig. 5.5 Differently to the measurement procedure of
the RESET kinetics in the sub-100ns regime, the PG5 pulse generator is used to apply
the RESET pulse. Its width was varied between 50 ps and 250 ps in steps of 5ps and its
amplitude was varied from 0.8V to 2.5 V. The resistance before the pulse’s application Rprg
was again set in the range from 1.0k2 to 3.0k(). Each combination of pulse width and

amplitude was repeated at least 10 times.



5.1. RESET KINETICS OF TaOx- AND ZrOx-BASED DEVICES 101

Similar to the SET kinetics, the ratio of the resistance after the pulse’s application (Rpost)
and the resistance before its application (Rpgrg) is built and referred to as frost/Rpgs. Values
of Brost/Rprp > 1 indicate an increase of the resistance after the pulse’s application and a

value of Rrost/Rprr < 1 a decrease of resistance.

4

Figure 5.5.: Measurement cycle to determine the Ta3 and Zr1 device’s RESET kinetics in the time
regime from 50 ps to 250 ps. The green shaded area marks the part measured by the
Keithley 2634B SMU at the DC port of the bias tee and the orange shaded area the
part in which the pulse from the PG5 pulse generator is applied to the AC port of the
bias tee.

The results for Brost/Rpgp of the Tad and Zrl device are shown in fig. and fig. ,
respectively. As the ratio does not yield concrete information on the absolute POST resis-
tance value, these values are shown in the appendix section [C] to maintain conciseness. In
this case, the POST resistance values of the Ta3 device are shown in fig. and the ones
for the Zrl device in fig. [C.2]

Pulses with the lowest amplitude of 2Vp = 1.6V were only applied to the Zrl device.
As shown in fig. Rpost/Rpre moves slightly to higher values for longer FWHMs. The
highest achieved POST resistance only amounts to 4 k{2, which does not correspond to a
complete RESET operation.

At a pulse amplitude of 2Vp = 2.2V, the Ta3 device’s Brost/Rprp remained at unity up
to a FWHM of 240ps at which Brost/Rrpgg started to decrease (see fig. |5.6¢)). A similar
tendency was observed for the Zrl device: Its Rrost/Rpgy decreased with increasing FWHMs
(see fig. [5.7d).

At a higher amplitude of 2Vp = 3.2V, a small increase of Brost/Rprs was observed for
the Ta3 device up to a FWHM of 190 ps, after which BErost/Rrpgs started to decrease back to
unity, indicating that the Ta3 device also does not switch to the HRS in this time regime
(see fig. [5.6D). The Zrl device’s Rrost/rpgs decreased again with increasing FWHM (see
fig. but much faster than at a pulse amplitude of 2Vp = 2.2 V. The measurement was,
therefore, aborted at a FWHM of 100 ps to prevent the Zrl device from taking damage.

At the highest amplitude of 2Vp = 5.0V, the Ta3 device’s frost/Rpg remained at unity
for short FWHMs and then abruptly decreased to values down to 0.5 (see fig. . This
corresponds to Rpogr values down to 500 Q2. At this amplitude, the Zrl device’s Brost/Rpgy
yielded values below one, even at a FWHM of 50 ps (see fig. . The lowest values for
Rpost amounted to 350 €.
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Figure 5.6.: Regular RESET kinetics of the Ta3 device (see table . The red bar in the boxplot
marks the median.

These results show that it is not possible to successfully switch the Ta3 and Zrl device to
the HRS with pulses shorter than 250 ps. The devices’ resistance is rather decreasing, which
is identified below as a unipolar switching mode. At almost all pulse amplitudes and FWHMs
the boxplots were broad, which indicates that the Rpost values scatter significantly, which
corresponds to large cycle-to-cycle variability. As the devices’ resistance is rather decreasing
for the considered pulse amplitudes and FWHMs, it was tested in the following section to
realize a unipolar SET kinetic measurement of the Ta3 and Zr1 device with positive voltage

pulses.

Unipolar SET kinetics

The measurement procedure to determine the Ta3 and Zrl device’s unipolar SET kinetics
is shown in fig. [5.8] It is almost identical to the measurement procedure, which was used
in chapter to determine the Ta3d and Zrl device’s SET kinetics with negative SET
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Figure 5.7.: Regular RESET kinetics of the Zrl device (see table . The red bar in the boxplot
marks the median.

polarity (see fig. , corresponding to the usual bipolar operations of VCM devices. The
only difference is the positive polarity of the SET pulse. Its pulse width was again varied
in steps of 5 ps from 50 ps to 250 ps and its amplitude from 0.8V to 2.5V. As for the SET
kinetics, the measurement cycles were only considered if the initial resistance Rpgrg was in

the range from 10k(2 to 30k€). Otherwise, the cycle was repeated. Due to the large cycle-



104 CHAPTER 5. RESET KINETICS OF VCM DEVICES

to-cycle variability of the ratio Brost/Rpgrm, the measurement cycles were repeated until a

continuous line for the median values of frost/Rrpg; was achieved.

4

Figure 5.8.: Measurement cycle to determine the Ta3d and Zrl device’s unipolar SET kinetics with
positive SET polarity.

These values for the ratio Brost/Rprg of the Tad and Zrl device are shown in fig. and
fig. respectively. The corresponding absolute values of Rpogr values are shown in the
appendix section [C] in fig. and in fig. for the Ta3 and Zrl device, respectively. The
observed results for the SET kinetics are very similar to the ones of the regular bipolar
SET kinetics presented in chapter |4} At lower voltages, the ratio Brost/Rrpgs of both devices
remains at unity, which indicates that they also remain in the HRS. At higher voltages, they
switched to the LRS.

At the highest applied pulse voltage of 2Vp = 5.0V, the Ta3 device started to switch to
the LRS at a FWHM of 55ps (see fig. [5.9a)). To show that it is also possible to switch
the Tad device to the LRS within 50ps, an additional cycle with a pulse amplitude of
2Vp = 7.1V and a FWHM of 50 ps was conducted. The corresponding current response is
shown in fig. [5.1Ta] during which the device switched from 21.5kQ to 393€2. The Zr1 device
already switched to the LRS within 50 ps at a pulse voltage of 2Vp = 5.0 V. An exemplary
current response of a 50 ps pulse with an amplitude of 2Vp = 5.0V is shown in fig. in
which the Zrl device switched from 18.6 k(2 to 538 (2.

The resulting transients of the medians of Brost/Rpge are shown in fig. [5.12] These values
were derived from fig. [5.9) and fig. for the Ta3d and Zrl device, respectively. The colors
indicate the pulse amplitude. Both devices switched faster to the LRS at higher voltage
amplitudes. The SET and transition times are calculated as in chapter 4 The SET times
are again derived by taking the FWHM, at which the transient of Brost/Rpgg falls below the
value 0.5, which is marked as dotted horizontal line in fig. The transition time from
the HRS to the LRS is defined as the timespan from the last value of Brost/Rrprs above 0.8
and the first below 0.2.

The resulting SET and transition times of the Ta3 and Zr1 device are plotted in fig.
and fig. [5.13D] respectively, against twice the adjusted pulse amplitude 2Vp, which corre-
sponds to the effective voltage at the end of the electrical charging. Only, the SET time at
2Vp = 7.1V was determined from a single pulse (see fig. [5.11a)). The usual bipolar switching
mode of VCM devices is realized by applying negative voltage pulses to the active Pt elec-
trode. In this bipolar switching mode, the fastest SET time amounts to 50 ps and the fastest
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Figure 5.9.: Unipolar SET kinetics of the Ta3 device (see table with positive voltage pulses
applied to the Pt bottom electrode. The unipolar SET time has been defined as the
time at which the median value (red bars) reaches values below 0.5 (horizontal dashed
line). The green shaded area marks the transition time (80 %-20 %).

transition time to 10 ps (see fig. . This is also possible with the unipolar switching mode
(positive voltage pulses). In this mode, the fastest SET time also amounts to 50 ps and the
fastest transition time was derived to 5ps. The voltage, at which a SET time of 50 ps is
achieved, is higher than in the bipolar switching mode. The boxplots of which the transition
times have been derived are broad (see green shaded area in fig. and fig. [p.10), reach-
ing from values of Brost/Rpre around unity to values close to zero and, therefore, no clear
statement about the transition time can be made. This broadness of the boxplots probably

results from a large cycle-to-cycle variability.

The occurrence of a SET operation during the application of a positive voltage to the
active Pt electrode corresponds to a unipolar switching operation, which is usually observed
for TCM- or PCM-based devices [56]. It was, however, already observed in TaO- [170] and
ZrOx-based [91] devices and also in other VCM devices (see section [5.1.3). The results of
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Figure 5.10.: Unipolar SET kinetics of the Zrl device (see table with positive voltage pulses
applied to the Pt bottom electrode. The unipolar SET time has been defined as the
time at which the median value (red bars) reaches values below 0.5 (horizontal dashed
line). The green shaded area marks the transition time (80 %-20 %).
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Figure 5.11.: (a) Ta3 device’s current responses of a 50 ps pulse with an amplitude of 2Vp = 7.1 V.
(b) Zrl device’s current responses of a 50 ps pulse with an amplitude of 2Vp = 5.0V.
The change in resistance is indicated on the upper right for both devices. Both devices
switched from the HRS to the LRS, during the pulse’s application.
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Figure 5.12.: Median values of the ratio Rrost/Rpgrg for the Ta3 device (solid lines, data from fig.
and the Zrl device (dashed lines, data from fig. |5.10). The colors of the line indicate
the pulse amplitude.

this section have proven that the SET operation of the unipolar switching mode can also
occur within 50 ps in TaO,- and ZrO,-based devices. To the author’s knowledge, this has
also not yet been shown by any other study. The presence of the unipolar switching mode,
however, prevents faster RESET times as shown in section [5.1.4l The unipolar SET kinetics
could only be determined in the time regime from 50 ps to 250 ps. To get more information
on the unipolar SET kinetics at slower timescales, this switching mode was studied with

quasi-static sweeps, as shown in the following section.

Quasi-static sweeps

The measurement procedure of the quasi-static sweeps is sketched in fig. [5.14, These mea-
surements were conducted on larger devices, ranging from 2 x 10um? to 30 x 10um?. All

devices were again formed by applying a sweep with an amplitude of -4.0 V at a sweep rate of
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Figure 5.13.: (a) Unipolar SET times of the Ta3 and Zrl device, determined from fig. (see
horizontal line). (b) Transition times (80 %-20%) of the Ta3 and Zrl device, deter-
mined from fig. and fig. (see green shaded area). Twice the adjusted pulse
amplitude 2Vp is plotted on the abscissa, as this is the effective voltage at the end of
the electrical charging.

0.5V/s to the Pt bottom electrode. Afterwards, a positive voltage sweep with an amplitude
of 4.0V was conducted at a sweep rate of 0.5V/s, during which the devices firstly switched
to the HRS and subsequently broke through at a higher voltage. After this breakthrough,

all devices were stuck in the LRS.
VA

Forming
-4V at 0.5V/s,
CC=100pA

AC RESET
4Vat0.5V/s

~Y

Figure 5.14.: Measurement cycle to determine the Ta3 and Zrl device’s unipolar SET times on
slower timescales. The measurement was conducted with a Keithley 2634B SMU.

An exemplary measurement on a 2 x 10um? device on the Zrl device’s wafer is shown
in fig. [5.15al At the beginning, the device is in the LRS and the measured current depends
linearly on the applied voltage. At a voltage of 0.60V, the current starts to decrease,
which corresponds to the RESET operation, which has already been observed in the bipolar
switching mode. The current keeps decreasing until a voltage of 2.31V is reached, at which
it increases abruptly. The voltage at which this increase in current occurs is referred to as
unipolar SET voltage.

All measured unipolar SET voltages are summarized in fig. [5.I5b] The unipolar SET
voltage scatters for both devices on a large voltage interval, indicating a significant device-
to-device variability. The resulting mean values, standard deviations, and median values are

listed in table [5.1] Both mean and median values are in the range from 2.12V to 2.35V,
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Figure 5.15.: (a) Exemplary unipolar SET cycle of a 2 x 10um? device on the Zrl device’s wafer.
(b) Histogram of the measured unipolar SET voltage for 12 devices on each of the
Ta3 (blue) and Zrl device’s (orange) wafer.

which is very close to unipolar SET voltages reported in other studies for TaOy- [171H173]
and ZrOy-based devices [174,/175]. These literature values are given in the last column of
table[5.1} The standard deviation of the unipolar SET voltage amounts to 0.58 V and 0.36 V
for the Ta3 and Zrl devices, respectively. In case of the Ta3 device, this corresponds to
24.7 % of the mean value, which reflects the large variability. Similar large variability values
for the unipolar SET voltage were also already observed in TaO- [173] and ZrO,-based
devices |174H177]. This large variability is also the reason for the broadness of the box plots
observed in the unipolar SET kinetics (see fig. 5.9 and fig. [5.10).

Table 5.1.: Measured values for the unipolar SET voltage and comparison to other literature values.

Walfer ‘ Mean ‘ Std. dev. ‘ Median ‘ Literature
Ta3 | 2.35V 0.58V 225V 1.4V - 2.7V [173],
2.0V 171,172

2.2V-2.7V [174l[175],
7rl | 212V | 036V | 229V | 1.1V-1.6V [L76],
1V-6V [177]

5.1.3. Endurance of unipolar switching mode

The coexistence of the bipolar and unipolar switching mode has been demonstrated for many
other transition VCM-based devices, such as NiO, [178(179], TiO, [180}181], HfO, [182,(183],
SiOy [|184] and SrTiOy [185,/186]. In all of these studies a current compliance was used to
protect the devices from damage. The advantage of achieving a unipolar switching mode
with sub-250 ps pulses is that it does not require a current compliance, because the electrical

excitation is stopped, before any damage at the device occurs. The used pules widths are
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much shorter than the reaction time of most active current compliances. For example, the
reaction time of the active current compliance of a Keithley 2634B SMU amounts to tens of
microseconds [121}187].

The characteristics of the unipolar switching mode resembles the TCM mechanism, which
was also reported to occur at high voltages and high currents [69]. The so-called “eightwise”
switching mode could also be responsible for the occurrence of a SET event, if a positive
voltage is applied to the active Pt electrode, which was observed in TaOy-based devices [85].
Here, an exchange of oxygen [82] at the active Pt electrode is suggested. The unipolar
SET occurs, however, at much higher voltages and currents than the “eightwise” switching
mode. It is, therefore, unclear if the exchange of charged traps at the active Pt electrode also
contributes to the observed unipolar SET event. This switching mode has been observed in
HfO,- [84], SrTiO3- [82], and TiO-based [188] devices, too.

So far, all measurements of the unipolar SET voltage were conducted with a measure-
ment procedure, which involves the application of a negative voltage sweep to the active
Pt electrode. To demonstrate that a true unipolar switching mode can be achieved, an
endurance measurement was conducted with the Ta3 and Zrl device, which involves only

positive voltages applied to the active Pt electrode.

VA

r— -

>

DC RESET Read PRE ACSET Read POST
Ta3:1.3Vat2.5V/s at0.2V Ta3:70ps, 25V at0.2V
Zr1:1.2Vat2.5V/s Zr1:50ps,3.5V

~

Figure 5.16.: Measurement cycle to determine the Ta3 and Zrl device’s endurance in the unipolar
operation mode. Only positive voltages were applied.

The measurement procedure is sketched in fig. [5.16] The device is firstly, driven to the
HRS with a positive voltage sweep with an amplitude of 1.3V for the Ta3 device and 1.2V
for the Zrl device. Both sweeps were conducted at a sweep rate of 2.5V/s. Compared to
the RESET sweeps of the previous measurements, the amplitude was reduced and the sweep
rate accelerated to reduce the stress on the devices. After this sweep, the device’s resistance
RpgrEg is read at a voltage of 0.2V prior to the application of the pulse. Its width was chosen
to 70 ps for the Ta3 device and to 50 ps for the Zrl device. The pulse amplitude was chosen
to 2.5V for the Ta3 and to 3.5V for the Zrl device. Finally, the change in resistance Rpost
is read at a voltage of 0.2'V.

The resulting values for Rprr and Rpogr are shown in fig. [5.17] As this measurement
is very time consuming (several days), it was aborted for the Ta3 device at the 10%-th
cycle until which it switched consistently. After 3590 cycles, the Zrl device got stuck in
the HRS, which is marked as bolt orange dot. Nevertheless, the device could be brought

back by forming it again with a second forming sweep (amplitude: -4 V, sweep rate: 0.5 V/s,
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Figure 5.17.: Endurance measurements of the (a) Ta3 and (b) Zrl device in a unipolar operation
mode. Every 10-th value is plotted.

CC: 100 pA). It switched back to the LRS at a voltage of -1.78 V. This bipolar SET voltage
is significantly higher than the usual SET voltage of -0.74V (see fig. [4.12)). The device was
afterwards still operational in the bipolar and unipolar mode. The unipolar SET operation
works reproducibly as both devices show an endurance of more than 10? cycles in this mode.

The fact that the Zrl device was stuck in the HRS indicates that a depletion of oxygen
vacancies occurred, which increased the device’s conductivity. During bipolar endurance
measurements on VCM devices, the concentration of oxygen vacancies in the transition
metal oxide usually increases with the cycle number [90]. This is due to the fact that oxygen
vacancies are more easily generated during the SET operation, than annihilated during the
RESET operation ,. In the presented unipolar switching mode, on the other hand,
the oxygen vacancies are always forced towards the Ta top electrode, which also contains
oxygen. The oxygen vacancies in the oxide can, consequently, be annihilated at the interface
to the Ta top electrode with the oxygen from the Ta top electrode. This brings the oxide
back to an oxygen-rich state. This also explains the higher SET voltage, which had to be
used to bring the device back to the LRS after the endurance measurement. The higher
voltage was required to reincorporate oxygen into the Ta top electrode to form new oxygen
vacancies in the oxide.

While endurance measurements of the unipolar operation mode with up to 10* cycles
could be achieved, an endurance of up to 107 cycles could be achieved on the same device
stack as the Zrl device in the bipolar mode . Also, literature values on the endurance
of the unipolar switching mode are less promising than literature values on the endurance
of the bipolar mode. The most promising known endurance measurement of the unipolar
switching mode was reported for a NiO,-based device, with an endurance of 10® cycles .
The highest reported endurance value of the unipolar switching mode for TaO,-based devices
amounts to 10° cycles and the highest value for ZrOy-based devices to 3.8 x 10* cycles
. These endurance values were achieved with voltage pulses with different amplitudes
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and pulse widths. By using shorter pulses, the overall excitation of the device during the
RESET becomes shorter than by applying slower sweeps. Consequently, less oxygen can be
incorporated into the ohmic electrode by using shorter pulses. As the PG5 pulse generator is
only operated with fixed attenuators and a maximum pulse width of 250 ps, this measurement

cannot be conducted with the setup at hand.

Nevertheless, it could be shown that the unipolar SET operation is as fast as the bipolar
SET operation, having a SET time down to 50ps. So far, only unipolar SET times in
the range of tens of nanoseconds [190-193] were reported. The fasted observed SET time
amounted to 16 ns for a NiOy-based device [194].

5.1.4. RESET programming window

In fig. the RESET kinetics in the time regime from 100ns to 480ps of the Ta3 and
Zr1 device are shown. These kinetic measurements provide voltage-time combinations at
which the devices start to switch to the HRS. The unipolar SET kinetics of fig. on
the other hand, provide voltage-time combinations at which the devices start to switch to
the LRS. The results of both kinetic measurements are summarized in fig. [5.18] forming a
RESET programming window. The RESET times (red points) are extracted from fig.
and the unipolar SET times (green points) from fig. [5.13a] The green and red shaded areas
are drawn by the eye and define the programming windows for the RESET and the unipolar
SET operation.

For the Ta3 device, the unipolar SET and RESET kinetics intersect at a voltage of 1.80V.
During the measurement of the RESET kinetics in the sub-100ns regime, a unipolar SET
event was also observed at an effective voltage of 2Vp = 1.80V (see fig. , which is in the
measured span of the unipolar SET voltages measured on other devices on the Ta3 device’s
wafer (see fig. [5.15b). The voltage of 1.80V corresponds to a potential RESET time of
510 ps, marking the intrinsic RESET speed limit of the Ta3 device. This observation is in
contradiction to the results of Torrezan et al., who reported a RESET time of 120 ps in a

TaOy-based device. This contradiction is addressed below.

The potential intrinsic RESET speed limit of the Zr1 device is derived in a similar manner.
Here, the unipolar SET and RESET kinetics intersect at a voltage of 2.20 V. During the
RESET kinetic measurements in the sub-100 ns regime, the Zr1l device still switched to the
HRS at 2Vp = 1.80V, indicating a higher unipolar SET voltage than for the Ta3 device.
During the unipolar SET kinetics measurements, the Zrl device still switched to the LRS
at 2Vp = 2.24V, which is also in the range of the unipolar SET voltages measured on
other devices on the Zrl device’s wafer (see fig. [5.15D]). The intersection at 2.20 V indicates
a potential intrinsic speed limit of 400 ps, which is only little below the fastest measured

RESET time of 480 ps (see fig. [5.3b)).
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Figure 5.18.: (a) Ta3 and (b) Zrl device’s programming mode. The indicated voltage is applied to

the Pt bottom electrode. The RESET times (red points) are extracted from fig.
and the unipolar SET times from fig.

An important note is that due to the large device-to-device variability of the unipolar
SET voltage, the measured RESET and unipolar SET programming windows from fig. [5.18
will vary significantly for other devices on the Ta3 and Zrl device’s wafer, which will also
have a significant impact on the devices intrinsic RESET speed limit. The broadness of the
boxplots during the kinetic measurements of the unipolar SET voltage (see e.g. fig.|5.10c)
also indicate a large cycle-to-cycle variability. Furthermore, the unipolar SET kinetics will
also be affected by the devices’ electrical charging times, which has been demonstrated for
the bipolar SET kinetics in the previous chapter (see fig. . As there are no kinetic data
on the unipolar SET kinetics at slower timescales available, the contribution of the electrical
charging time cannot be separated.

Unfortunately, it is not possible to measure the RESET kinetics in the range between
250 ps and 500 ps, because at this timescale, it becomes more challenging to derive the RE-
SET time from the measured current response. Also, it is not possible to perform automated
measurements in this time regime, because the PG5 pulse generator’s maximum pulse width

amounts to 250 ps.
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Figure 5.19.: Histograms of the resistance before Rprg (blue) and after Rpogt (orange) the appli-
cation of a 50 ps pulse for (a) the Ta-C and (b) the Zr-C device.

Although, the “eightwise” switching mode has significantly different attributes than the
unipolar SET event (regarding the observed voltages and currents), 50 ps RESET pulses were
tested on the Ta-C and Zr-C device. These two devices have an additional C layer between
the active Pt electrode and the oxide, which prohibits the exchange of oxygen vacancies
and, thus, suppresses the “eightwise” switching mode [85]. The measurement procedure was
identical to the tested regular RESET kinetics on the Ta3 and Zrl device (see fig. [5.5)),
only that this time a fixed pulse width of 50 ps and a fixed amplitude of 2Vp = 3.6V for
the Ta3 device and of 2Vp = 5.0V for the Zrl device was used. The resulting values Rprg
and Rpost are shown in fig. [5.19] During several cycles, the value of Rpogt shifted to the
HRS. This shift to the HRS was, however, not reproducible and the transition occurred
stochastically. Nevertheless, it shows that it is possible to reach the HRS within 50 ps in
TaOx- and ZrOy-based devices. Two exemplary current responses are shown in fig. [5.20]
during which the Ta-C and Zr-C device switched to the HRS.

Although, this RESET operation at 50 ps still occurs stochastically at a pulse width of
50 ps, it is a significant improvement compared to the measurements on the Ta3 and Zr1 de-
vice. At a voltage of 2Vp = 3.6 V, the Ta3 device always remained in the LRS (see fig.
or switched from the HRS to the LRS (see fig. [.9D]). A similar observation was made for
the Zrl device at a voltage of 2Vp = 5.0V (see fig. and fig. . The presence of the
oxygen-blocking 1.5nm thick C layer at the active Pt electrode in the Ta-C and Zr-C de-
vice, therefore, fosters fast RESET operations in TaO,- and ZrO,-based devices. This also
indicates that during the unipolar SET not only TCM, but also the exchange of oxygen
vacancies or other mobile donors at the active Pt electrode may play a role. Further de-
vice optimizations may result in reproducible RESET operations in TaO,- and ZrO.-based
devices within 50 ps.

As mentioned above, Torrezan et al. have observed a RESET time of 120 ps in a TaO,-

based device [32], which is in contradiction to the observed intrinsic RESET speed limitation
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Figure 5.20.: (a) Ta-C device’s current response of a 50 ps pulse with an amplitude of Vp = 1.8 V.

(b) Zr-C device’s current response of a 50 ps pulse with an amplitude of Vp = 2.5V.
The change in resistance is indicated on the upper right for both devices.

at about 510ps in the RESET programming window. The effective amplitude of their
applied pulses amounted to approx. 4 V, which would be far above the unipolar SET voltage
threshold observed in the Ta3 device (see table[5.1)). Unknown differences in the fabrication
process or during the electroforming process probably suppress the occurrence of the unipolar
switching mode. A significant difference can be observed in the RESET voltage in the
IV characteristics of the TaO4-based devices. The Ta3 and Zrl device started to switch at
a voltage of about 0.6V to the HRS (see fig. [3.4). For the TaO-based device of Torrezan
et al., on the other hand, the transition to the HRS started at a voltage below 0.4V [195],

which enlarges the RESET window significantly.

5.2. RESET kinetics of HfO,\TiO.-bilayer devices

In the previous section, no reproducible RESET operation could be achieved in TaO, and
ZrO4-based VCM devices at a timescale below 480 ps. In this section, results on the RESET
kinetics of the HfO,/TiOy-bilayer are shown. Reproducible RESET kinetics at timescales
down to 50 ps could be shown for the HfB2 and HfB3 device, which is attributed to their
lower RESET voltages and higher unipolar SET voltages. In chapter [£.2.2] it could be
shown that fast SET times down to 50 ps are also realizable with this material stack. In this
section, firstly the RESET and unipolar SET voltages are compared, which have a significant

influence on the RESET programming window.

5.2.1. RESET and unipolar SET voltage

The RESET programming window (see section [5.1.4) can be used as guide to optimize
VCM devices towards faster RESET times. The intrinsic RESET speed is limited by the
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intersection of the unipolar SET and the bipolar RESET kinetic curve, which corresponds to
an intrinsic speed limitation. This intersection is, therefore, highly dependent on the RESET
voltage and the unipolar SET voltage. By either reducing the RESET voltage or increasing
the unipolar SET voltage, this RESET speed limitation can be shifted towards faster RESET
times. It was already shown in fig. that the RESET transition of the devices on the HfAx
and HfBx wafer require a lower voltage to switch completely to the HRS (1.2V) than the
TaOy- and ZrOy-based devices (1.6 V, see fig.[3.4). This already enlarges the RESET window
and should facilitate faster RESET operations.

The unipolar SET voltage was also tested for several devices on the HfAx and HfBx wafer.
To realize multiple measurements on a single device, a different setup was used [187,(196,
197]. It compromises a Rigol DG5102 arbitrary waveform generator, a Picoscope 6403C
oscilloscope and a self-built current amplification board. The main advantage of this setup
is the integrated current compliance of the current amplification board, which reacts within
10 ns and is much faster than the current compliance of a Keithley 2634B SMU, which reacts
only within tens of microseconds [121]. This faster current compliance allowed to cycle some

devices in the unipolar switching mode.

The devices were formed with a -4.0V sweep at a sweep rate of 814kV/s, using a current
compliance of 100 uA. Some devices did not form at this voltage and were, therefore, formed
with the Keithley 2634B SMU with a -6.0 V sweep at sweep rate of 0.5 V/s. Instead of using
the active current compliance, a 22 k() series resistor was used to prevent the device from
damage. The unipolar SET voltage was then determined by applying a 3V sweep at a sweep
rate of 814 kV/s and a current compliance of 1.0 mA. This high value of the current compliance
was necessary, because with lower values the devices did not switch to the LRS, which was
also reported in |70]. After the devices switched to the LRS, they were driven back to the
HRS with a voltage sweep with an amplitude of 1.6 V.
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Figure 5.21.: Exemplary unipolar sweeps conducted on a device on the (a) HfAx wafer and a device
on the (b) HfBx wafer. The RESET (orange) sweep was conducted after the unipolar
SET sweep (blue).
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An exemplary unipolar SET sweep (blue) and the subsequent RESET sweep (orange) are
shown for a device on the HfAx and HfBx wafer in fig. [5.21I] Again, several devices could
only be switched once to the LRS, but with some multiple unipolar cycles could be achieved.
The maximum number of cycles conducted on a single device amounts to 16 on the HfAx
wafer and to 15 on the HfBx wafer.
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Figure 5.22.: Distribution of the unipolar SET voltage on devices on the HfAx (blue) and the HfBx
(orange) wafer. Overall, 15 devices on the HfAx wafer and 19 devices on the HfBx
wafer were tested. Their sizes varied from 1 x 10um? to 30 x 10 um?2.

The distribution of the HfAx and HfBx device’s unipolar SET voltage is shown in fig.
in blue and orange, respectively. If a device could be cycled several times, its median
unipolar SET voltages was taken. Their resulting mean and median values for the unipolar
SET voltage are shown in table 5.2l One more study with on the unipolar switching mode
with a TiO,/HfOy-bilayer exists [198] and their measured unipolar SET voltages are shown
in the last column of table (.21

Table 5.2.: Measured values of the unipolar SET voltage for devices on the HfAx and HfBx wafer
and comparison to other literature values.

Walfer ‘ Mean ‘ Std. dev. ‘ Median ‘ Literature
HfAx | 252V | 026V | 256V |24V -26V [198]

HfBx | 2.66V | 035V | 2.73V |24V - 2.6V [198]

Both, the devices on the HfAx wafer and the devices on the HfBx wafer, achieve higher
values for the unipolar SET voltage than the Ta3 or Zrl device (see table . Nevertheless,
both values are within or close to the range measured by Wang et al. [198]. The standard
deviation is little smaller than the one for the Ta3 or Zrl device, but still the values of the
unipolar SET voltage spread over a range of more than 0.5V, which indicates that still a
significant device-to-device variability exists.

The benefit of this setup is its fast current compliance, which allowed the conduction of
several cycles on a single device. Unfortunately, most devices got either stuck in the LRS or

HRS after only a few cycles. As mentioned above, a maximum of 16 cycles could be achieved
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on a device on the HfAx wafer and a maximum of 15 cycles on a device on the HfBx wafer.
The resulting distributions of the unipolar SET voltage are shown in fig. [5.23] Although
the standard deviation only amounts to 0.10 V and 0.05V for the device on the HfAx wafer
and the device on the HfBx wafer, respectively, but the values still spread over a range of
0.35V and 0.50 V. Therefore, it can be stated that even though the cycle-to-cycle variability

is smaller than the device-to-device variability, it still has a significant impact on the kinetic

measurements.
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Figure 5.23.: Cycle-to-cycle variability of a single device on the (a) HfAx wafer and on the (b) HfBx
wafer. The standard deviation amounts to only 0.1V and 0.05V, respectively.

5.2.2. Time regime from 50 ps to 250 ps

The devices on the HfAx and HfBx wafers not only have a smaller RESET voltage, but also a
higher unipolar SET voltage than the devices on the Ta3 and on the Zr1 wafer. This enlarges
their RESET programming window significantly and, as show in the following sections,
allows reproducible fast RESET operations in the range from 50 ps to 250 ps. Nevertheless,
the significant device-to-device variability prohibited the RESET operation on some devices
on the HfAx and HfBx wafer. The HfAx wafer’s unipolar SET voltage was lower than the
one of the HfBx wafer, which made it more difficult to achieve 50 ps fast RESET times with
devices on the HfAx wafer. Much better results could be achieved with devices on the HfBx
wafer, which is shown subsequently.

The measurement procedure for the tested devices (HfA1l, HfA3, HfB2 and HfB3) is
sketched in fig. [5.24] It is very similar to the one used to investigate Ta3 and Zrl de-
vice’s RESET kinetics (see fig. [5.5). Only the RESET voltage during the second DC sweep
has been reduced to 1.2V and higher pulse amplitudes (up to Vp = 2.5V) were used to reset
the devices. Each cycle was again repeated at least 10 times. Again, the resistance in the
LRS was chosen in the range from 1.0k to 3.0 k(2.
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Figure 5.24.: Measurement cycle to determine the HfA1, HfA3, HfB2 and HfB3 device’s RESET
kinetics in the time regime from 50 ps to 250 ps.

Devices on HfAx wafer

The measurement of the HfA1 device (see fig. yielded broad scattered results for the
ratio Brost/Rpg at all pulse widths and pulse amplitudes. The absolute values for Rpogr are
shown in the appendix section |C] (see fig. [C.5]). At the lowest voltage of 2Vp = 2.2V, which
is still lower than the measured average unipolar SET voltage, almost no effect of the applied
pulse could be seen (see fig. . At higher amplitudes of 2Vp = 3.2V and 2Vp = 5.0V
(see fig. and fig. , respectively), the HfA1 device switched sometimes to the HRS
or remained in the LRS. Unfortunately, the HfA1 device did not switch repeatedly to the
HRS at any pulse width and also values of Rrost/Rpry below 1 were observed, which indicates
that the presence of the unipolar SET mode also affects these measurements.

This became most obvious at 2Vp = 7.1V (see fig. [5.25¢). From pulse widths of 55 ps
to 70ps, the HfA1 device switched repeatedly to the HRS. At longer pulse widths also
smaller values for Brost/rpgrr occurred and at pulse widths of 90 ps or longer, Brost/Rpry was
at most of the cycles below 1, which indicates that the unipolar switching mode becomes
more dominant at these pulse widths. This observation may be affected by the HfA1 device’s
electrical charging time, which amounts to 96.9 ps (see table . Possibly, the maximum of
Vpur at pulse widths below 90 ps is too low to initiate the unipolar SET operation.

The high device-to-device variability of the unipolar SET voltage also results in a high
device-to-device variability of the measured RESET kinetics. This is demonstrated for the
HfA3 device. The results for Brost/Rrpgy are shown in fig. and the absolute values for
Rpost are again shown in the appendix section |C] (see fig. [C.6]). At all pulse amplitudes, no
switching to the HRS could be observed and the device was drifting to values of &rost/Rrpgy
below 1, which shows that for the HfA3 device the unipolar SET operation is even more
dominant than in the HfA1 device. Both tendencies could also be observed on other devices
on the HfAx wafer.

Devices on HfBx wafer

The devices on the HfBx wafer had the highest unipolar SET voltages of all samples tested
in the framework of this thesis. Consequently, their devices should have the largest RESET
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Figure 5.25.: RESET kinetics of the HfA1 device (see table . The red bar in the boxplot marks
the median.
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Figure 5.26.: RESET kinetics of the HfA3 device (see table . The red bar in the boxplot marks
the median.

window in the RESET programming window and, therefore, successful RESET operations
should be achievable.

The RESET kinetics of the HfB3 device could be measured successfully, which is shown in
fig. To reduce the stress on the device, the pulse width was increased in steps of 20 ps
(instead of 5 ps), if the ratio Rrost/Rrpre was at unity. If changes in Rrost/Rpgys occurred, the
pulse width was varied in steps of 5 ps and the measurements were repeated until a smooth
curve for the median values of frost/Rer, was achieved. The absolute values for Rpogr are
plotted in fig. of the appendix section . As expected, Brost/Rerg increases with the
measured FWHM at all amplitudes. This increase of resistance occurred faster at higher
pulse amplitudes and also changes of frost/Rpg by more than one order of magnitude could
be achieved.

The median values of Brost/Rpgg at all amplitudes and pulse widths are shown in fig. .
The faster RESET operations at higher voltages become more obvious in this representation.

The RESET time was defined as the time, at which Brost/rpgs reaches values above two,
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Figure 5.27.: RESET kinetics of the HfB3 device (see table . The red bar in the boxplot marks
the median. The horizontal dotted line marks the definition of the RESET time.
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Figure 5.28.: (a) Median values of the ratio Rrost/Rpry for the HfB3 device (data from fig. .
The colors of the line indicate the pulse amplitude. The horizontal dotted line marks
the definition of the RESET time. (b) Resulting RESET times of the HfB3 device.
Twice the adjusted absolute pulse amplitude 2Vp is plotted on the abscissa, as this is
the effective voltage at the end of the electrical charging.

which is the reciprocal of the threshold used for the SET kinetics. The horizontal dotted
lines in fig. and fig. mark Brost/Rrprpy = 2 and, therefore, the threshold for the
measured RESET time.

The resulting RESET times are plotted in fig. against twice the applied pulse voltage,
which corresponds to the effectively applied voltage at the end of the electrical charging.
Compared to the results on the SET kinetics in chapter [4], much higher voltages are required
to achieve fast RESET times. The fasted measured RESET time amounts to 55ps. This
might also be related to the comparable large size (10 x 10um?) of the HfB3 device and
the resulting long electrical charging time (662 ps, see table . Reproducibly 50 ps fast
RESET times could be demonstrated on the much smaller HfB2 device (5 X 3um?), which

has, consequently, also a much faster electrical charging time of only 95.0 ps.

To demonstrate reproducible fast RESET times, the measurement procedure was changed
and is sketched in fig. [5.29] Similar to the previous measurements, the device was driven
to the LRS at the beginning of each cycle and the resistance was read before and after the
pulse’s application. In contrast to the previous measurements, neither the pulse width nor
the amplitude were varied. Instead, they were fixed at 50 ps and 5.0 V, respectively. The high
amplitude was chosen to ensure that the HfB2 device switches to the HRS at every cycle.
Consequently, no positive sweep was needed at the end of the cycle. Overall, 1000 cycles

were conducted.

An exemplary current response is shown in fig. [5.30al during which the HfB2 device
switched from 4.37k€2 to 1.81 M2. The pulse width was chosen to 50 ps and the FWHM
of the current response was even shorter (48.8 ps), which proves that the RESET can be

realized within 50 ps or faster.
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Figure 5.29.: Measurement cycle to demonstrate the HfB2 device’s RESET repeatability with 50 ps
pulses at an amplitude of Vp = 5.0V.
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Figure 5.30.: (a) HfB2 device’s current responses of a 50 ps pulse with an amplitude of 2Vp = 10.0 V.
The change in resistance is indicated on the upper right. The device switched to the
HRS during the pulse’s application. (b) RESET repeatability of the HfB2 device. The
RESET operation was also conducted by applying a 50 ps pulse with an amplitude of
2Vp = 10.0 V. The measurement was aborted after 1000 cycles.

The resulting values for Rprg and Rpogr are shown in fig. At the beginning, the
values of both, the Rprg and the Rpogr drifted. The drift might have been triggered by the
relatively high voltage amplitude of 2Vp = 10 V. It was already shown in fig. that for the
HfBx devices, the LRS’s resistance shifts from linear to nonlinear with the number of cycles.
This is also the origin of the shift of Rpgrg at the beginning of the endurance measurement
(see fig. . Overall, the values of Rprg and Rpost were always separated by one order
of magnitude, which confirms the repeatability of the 50 ps fast RESET operation.

Fast RESET times of 50 ps and 55 ps on two devices of the HfBx wafer could be demon-
strated. Similar results could also be shown on more devices on the HfBx wafer, but this
was not the case for all devices on the HfBx wafer. On some devices also values below unity
for Brost/Rprpr were observed, indicating that the presence of the unipolar SET mode again
prohibits faster RESET times. The high device-to-device variability in the RESET measure-
ments probably also results from the high device-to-device variability of the unipolar SET
voltage (see fig. |5.22)).
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5.3. Optimizations for faster RESET times

During the measurements of the RESET kinetics, it could be shown that the RESET time of
VCM devices is often intrinsically limited by the presence of a unipolar switching mode, which
is initiated at higher voltages. This results in a RESET programming window, which was
measured for the Ta3 and Zr1 device (see fig. . It has, however, to be stated that due to
the large device-to-device variability of the unipolar SET voltage, this RESET programming
window also differs from device to device and possibly from cycle to cycle. Therefore, it was
not measured for the HfO,/TiOx-based devices. Nevertheless, two possibilities to remove
or reduce this intrinsic RESET speed limitation could be identified: reducing the RESET
voltage or increasing the unipolar SET voltage. Suggestions on how to achieve these two

attributes are given in the following sections.

5.3.1. Lowering the RESET voltage

It was shown that the RESET voltage can be lowered by heating a TaO-based VCM de-
vice [199]. By selecting materials with thermal properties that foster a better heating within
the filamentary region (e.g. lower heat capacity, lower heat conductivity, and lower mass
density), lower RESET voltages may be realizable. The unipolar switching mode, however,
may also be temperature dependent [69] and this approach might therefore result in a lower
unipolar SET voltage as well, which would still prohibit faster RESET times.

Another way to reduce the RESET voltage is to choose an ohmic electrode that induces
a low defect formation energy for oxygen vacancies in the oxide [158]. It could be shown for
ZrO-based devices that by replacing Ta with Ti as ohmic electrode, the RESET voltage can
be reduced by about 0.1V [90]. The ohmic electrode, on the other hand, could also have an
influence on the unipolar SET voltage (as shown in the next section). For example, changing
the Ta top electrode of a Pt\TaO,\Ta device with a Pt top electrode (symmetrical stack)
resulted in higher RESET and higher unipolar SET voltages |170].

Also, the surface roughness of the oxide layer has an influence on the SET and RESET
voltage. A higher surface roughness resulted in lower SET and RESET voltages for a ZnO-

based device with symmetric Pt electrodes [200].

5.3.2. Increasing the unipolar SET voltage

It is crucial to achieve a deeper understanding of the unipolar switching mode. The presence
of thermodiffusion was postulated [69,201]. The results achieved in this chapter, however,
indicate that also the exchange of oxygen vacancies or other charged defects could have an
influence on the unipolar switching mode. The introduction of an oxygen blocking C layer
in TaO, and ZrOy-based devices resulted in 50 ps fast RESET operations. Also, the shift
of the unipolar SET voltage from 2.56 V (HfAx wafer) to 2.73V (HfBx wafer, see median
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values in table [5.2]) probably results from a different deposition method of the Pt bottom
electrode. As mentioned above, several studies suggest an exchange of charges at the active
Pt electrode during a so-called “eightwise” switching mode [82,83),85]. Therefore, different
active electrodes or other oxygen blocking layers could be tested. In [202], the use of a pure

active C electrode and 5nm SiO, as active layer prohibited the occurrence of the unipolar

SET up to 10V.

An interesting study was conducted by Yanagida et al. [70]. They have shown for NiOy-,
CoOy-, and TiOy-based devices with symmetric Pt electrodes that the switching mode de-
pends on the adjusted current compliance during the electroforming. The unipolar switch-
ing mode requires higher current compliances than the bipolar switching mode. They also
showed that the required current compliance for the bipolar switching mode scales with
the device size, while the current compliance required for the unipolar switching mode was
almost constant. Consequently, the current compliance required for the bipolar switching
mode was below the current compliance required for the unipolar switching mode for small
devices (submicrometer scale). For larger devices, the current compliance required for the
bipolar switching mode was larger than the current compliance required for the unipolar
switching mode and, consequently, bipolar switching was not possible. Other studies have
also shown that it is difficult to realize a bipolar switching mode with a symmetric device
stack, having two Pt electrodes [170.[203,204].

Yanagida et al. showed as well that the electric field required for unipolar switching
decreases exponentially with increasing device sizes |70]. It could, consequently, be possible
to achieve higher unipolar SET voltages with smaller devices. The unipolar SET voltages
for the devices investigated in this thesis had no dependency on the device size, but this
effect might only be relevant for submicrometer scaled devices. The last observation of
Yanagida et al. was that the electrical field required for the unipolar switching of NiO-
based devices was higher if the NiO, was crystalline. If this observation is transferable to

other VCM devices, higher unipolar SET voltages could be achieved in crystalline devices.

Gao et al. have shown that in a symmetric Pt/TayO5/Pt stack, the unipolar SET voltage
amounts to 2.1V and is much higher than the unipolar SET voltage of an asymmetric
Pt/Tay05/Ta stack, which amounts to 1.6V [170]. Using an inert top electrode could,
therefore, increase the unipolar SET voltage. This is in accordance with another study,
investigating the impact of the ohmic electrode on the endurance and switching kinetics of
TayOs-based devices [155]. Here, higher unipolar SET voltages were observed for ohmic
electrodes with lower oxygen affinity. Using an inert top electrode has, however, also several
disadvantages, such as a higher forming voltage [90], lower endurance [170], and a larger
cycle-to-cycle variability |[170]. A similar observation was made by Lin et al. for ZrOy-based
devices, who replaced the Pt top electrode with an Au top electrode and thereby, decreased
the unipolar SET voltage from 2.8V to 2.6V [204]. The origin of the large cycle-to-cycle
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variability in symmetrical stacks is attributed to new conductive filaments, which are formed
during every cycle [91,/170].

The unipolar SET event could also be triggered by an electric breakdown and, conse-
quently, depend on the dielectric breakdown strength of the active switching layer. Mate-
rials with higher electrical strength might, thus, have a higher unipolar SET voltage. An
overview of the electric breakdown strength of different metal oxides is given in [205], ac-
cording to which AlO, is supposed to have a comparable strong electric breakdown field.
This is supported by a study on AlO,-based devices, in which a unipolar SET voltage of
3.0V was observed [206|, which is higher than the unipolar SET voltages observed for the
devices investigated in this thesis. In devices with strong electric breakdown fields, it could,

consequently, be possible to achieve reproducible 50 ps fast RESET times.

5.4. Analogy to switching times in PCM devices

In chapter [4] it could be shown that it is possible to switch VCM devices within 50 ps to
the LRS. This was so far only limited by extrinsic effects, such as the minimum available
pulse width or the device’s electrical charging time. The intrinsic properties of VCM devices
probably allow much faster SET times. Achieving RESET times down to 50 ps was more
difficult and could only be achieved repeatedly on a few devices.

In contrast to VCM devices, reaching fast RESET operations in PCM devices is more easily
achieved than a fast SET operation. Several studies investigating the switching kinetics of
PCM devices reported slower SET than RESET times [207-209]. The fastest measured
RESET time amounts to 200 ps [60]. The fastest observed SET time, however, amounts to
500 ps, which could only be realized by pre-heating the device [62]. Another study observed
550 ps fast SET times without pre-heating the device [61]. With optical THz measurements,
electrical fields could be induced into PCM devices with a duration of 1 ps [63]. By inducing
900 of these pulses, the device was driven from the HRS to the LRS.

The SET time of PCM devices is limited by the crystallization speed, which is strongly
temperature dependent [56,210,211]. Faster SET times can, consequently, only be achieved
at higher temperatures. The heating in PCM devices also results from Joule heating. To
achieve higher temperatures, it is necessary to induce a larger current by applying a higher
voltage. Similar to the RESET kinetics of VCM devices, the SET kinetics of PCM devices
can, consequently, be accelerated up to a certain point by increasing the applied voltage.
This only works in VCM devices up to the point at which the unipolar SET mode sets in
and for PCM devices up to the point at which the melting sets in. The melted part can only
be recrystallized by slowly decreasing the temperature, which also prohibits fast SET times.

The programming window of a PCM and a VCM device are compared in fig.[5.31 The SET
programming window of the PCM device was measured on a GeTe-based device, starting in
the HRS and was taken from [208]. As explained above, at a voltage threshold of about 1.6 V,
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Figure 5.31.: Comparison of the (a) SET programming window of a GeTe-based PCM device and
(b) RESET programming window of a ZrOx-based VCM device (from fig.|5.18b)). The
PCM device was initially in the HRS, while the VCM device was initially in the LRS.

the conducting region in the GeTe-layer starts to melt, which prohibits a faster crystallization
and, consequently, also faster SET times. The RESET programming window of the VCM
device is an adaption of fig. It was measured on the Zr1 device starting in the LRS. At
voltages above 2.2V, the unipolar switching mode sets in, prohibiting faster RESET times.

It could be shown in this section that by increasing the unipolar SET voltage, this RESET
speed limit of VCM devices can be shifted towards faster RESET times down to 50 ps. The
fastest electronically measured SET time of PCM devices without pre-heating amounts to
550 ps . Nevertheless, the unipolar SET process is not yet fully understood and further
studies are required to identify attributes, with which the unipolar SET voltage can be

increased towards higher amplitudes.



6. Outlook

Before presenting the conclusion of this thesis, suggestions for future experiments are given:
In chapter [ it could be shown that the RESET kinetics of VCM devices are limited in-
trinsically by the presence of a unipolar SET switching mode, which is triggered at higher
positive voltages (applied to the active Pt electrode). Realizing faster RESET times re-
quires, thus, a deeper understanding of this unipolar switching mode. So far, the unipolar
SET voltage was determined with manual voltage sweeps on single VCM devices, in which
a high cycle-to-cycle and device-to-device variability was observed. An approach to achieve
higher statistics on the unipolar SET voltage is presented in section Suggestions for
future applications of VCM devices are given in section [6.2] which are their realization in
neuromorphic applications [25] and as RF switch. Finally, exemplary measurements on fast

switching times in other memories technologies are presented.

6.1. Determining and optimizing the RESET speed limit

The RESET kinetics could only be measured in the range from 50 ps to 250 ps and in the
range from 480 ps to 100 ns. It could, however, be shown in fig. [5.18|that the intrinsic RESET
speed limit of investigated TaOy and ZrO, occurs in the gap between these two ranges. To
also cover the range from 250 ps to 480 ps, and thereby determining the intrinsic RESET
speed limit, an additional pulse generator was ordered from the SYMPULS GmbH. It is able
to generate pulses with a width from 50 ps to 100 ns at an amplitude of 2.5 V. The reduction
of the amplitude from 5.0V to 2.5V was chosen, because higher voltages are only relevant in
the regime form 50 ps to 250 ps. The HfB3 device (HfO,/TiOy, see table 3.1]), for example,
switches within 250 ps at a pulse voltage of 1.8V to the HRS (see fig. . As shown in
section [6.2.1] this pulse generator can also be useful to test, if an analog switching mode can
be realized, within VCM devices on a subnanosecond timescale.

More information on the unipolar SET voltage is required. So far, the device-to-device
variability of the unipolar SET voltage has been investigated with setups that can only
contact one device at once. This makes the measurement not only time-consuming, but also
yields lower statistics. To gain more comprehensive statistics on the unipolar SET voltage,
these measurements could be repeated with array testers.

One exemplary measurement of the unipolar SET voltage is shown in fig. [6.1 It was
conducted with a custom array tester from the aixACCT Systems GmbH, with which 32 de-

129
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Figure 6.1.: Exemplary measurement of the unipolar SET voltage of a ZrOy-based VCM device
with a custom array tester from the aixACCT Systems GmbH. The measurement was
conducted by S. Liberda under the supervision of S. Wiefels.

vices can be measured at once [90,212]. The tested device has a Pt\ZrO,\Ta stack and the
deposition processes are identical to the ones of the Zrl device (see chapter . Again,
a 4.0V sweep was applied at a sweep rate of 800V/s to the active Pt electrode and the
voltage, at which the sudden current increase occurred, was taken as unipolar SET voltage.
Overall, 209 devices were tested. Similar to the measured values on the Zrl device’s wafer
(see fig. , the unipolar SET voltage scatters over a broad voltage range from 1.8V to
3.0 V. The median value amounts to 2.52V, which is close to the measured value of 2.29V
on the Zrl device’s wafer (see table . The small shift to higher voltages may result from
the higher sweep rate (800 V/s for the results in this section and 0.5V/s from chapter [5)) or
from the different device structure. The tested devices from fig. |6.1 have a planar Pt bottom
electrode [90]. The deposition methods and layer thicknesses were identical to the ones of
the Zrl device (see chapter .

A disadvantage of this array tester is that no current compliance is available. In future,
the unipolar SET voltage could be investigated with a new array tester from the aixACCT
systems GmbH. It is able to measure 32x32 devices at once and comprises a fast current
compliance. With this array tester, it may be possible to not only measure the device-
to-device, but also the cycle-to-cycle variability. Acquiring statistics of the unipolar SET
voltage on different VCM devices, may help to gain a deeper understanding of the unipolar
SET processes and also to build VCM devices that have 50 ps fast SET and RESET times.
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6.2. Future applications

6.2.1. Neuromorphic applications

In this section, two suggestions are presented on how neuromorphic applications could be
realized with VCM devices by using subnanosecond pulses. The first is to realize an analog
switching mode, which is required to emulate synaptic weights. The second is an approach
to use the VCM device’s capacitance to realize short term plasticity (STP) and long term
potentiation (LTP).

Analog switching mode

Several studies have presented approaches on how an analog switching mode or interme-
diate resistive states can be realized in VCM devices by using single short pulses [37] or
sequences of short pulses [41,|160,/161]. An analog switching mode requires the presence of
irreversible processes such as the migration of mobile donors. This irreversible process needs
to be conducted in as small as possible steps, which can be realized by applying short pulses.
An exemplary measurement, conducted on a AlO,/TiO-based VCM device, of Stathopou-
los et al., is shown in fig. [41]. The device’s resistance could by increased in small steps
by applying a sequence of 7 pulses with a pulse width of 100ns and an amplitude of 2V.
The overall change in resistance is almost identical to the case in which a single pulse with
a width of 1us and an amplitude of 2V is applied. With the presented setup much shorter

pulses than in any of the above-mentioned studies can be applied to the VCM device.
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Figure 6.2.: Realization of an analog switching mode on a AlOy/TiOy-based VCM device. Taken
from [41].
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Short term plasticity and long term potentiation

Short term plasticity and long term potentiation describes the brain’s ability to forget stimuli
occurring at a low repetition rate and to memorize stimuli occurring at a high repetition
rate [213]. This can be described by the model of Atkinson and Shiffrin [214] and is sketched
in fig. 6.3 which was taken from [213]. Both, frequent (red) and less-frequent (blue) inputs
are firstly registered and stored in the sensory memory (SM) and then transferred to the
short term memory (STM). Frequent inputs are being rehearsed and will, therefore, be
stored in the long term memory (LTM). Less-frequent inputs, on the other hand, are not

being rehearsed and will, consequently, be forgotten.

Rehearsal
Frequent
input SM STM LT™M
L" Sensory > Short-term > Long-term
|—> register > store store
Less—frequent l
input Forgetting

Figure 6.3.: Illustration of the model of Atkinson and Shiffrin [214] describing the short term mem-
ory (STM) and long term memory (LTM). Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Nature Materials [213], © 2011 Macmillan
Publishers Limited. All rights reserved (2011).

To realize STP and L'TP, reversible processes need to be present in the memory device. For
VCM devices this could be the heating time. As shown in chapter [4.3] for filamentary TaOy
devices, the heating time is shorter than 50 ps during the SET. This could be different for
the RESET: Differently to the HRS, in the LRS, the entire filament is electrically conducting
and the heating occurs along the entire filament [94]. During the SET, this heating occurs
mainly at the active interface. As the heating time scales also with the volume, the heating
time during the RESET might be longer than during the SET. Pulsed-/V measurements
conducted on HfO,-based devices suggest that the heating must occur on slower timescales
than 100 ps [97]. Using different materials than TaO, might also result in larger heating times
during the SET operation. For example, FEM simulations of eightwise switching SrTiO,
devices suggest heating times between few nanoseconds [80] and up to 50 ns [144] during the
SET operation.

Realizing STP and LTP requires a pattern generator with adjustable pulse widths and
adjustable breaks between the pulses. An ideal exemplary pattern is depicted in fig.
as blue line. The pattern comprises pulses, with an amplitude of 1.0V, a pulse width of
50 ps, and a spacing time of tg, = 50 ps. The rise and fall times amount to 10 ps. As shown
in table , the Zrl device (ZrOy) has the fastest electric charging time and its scattering
parameters are, therefore, used to calculate the resulting effective voltage at the VCM device
Vbur(t). This technique is explained in chapter [2.2.2l The result for Vpyr(t) is shown as
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orange line in fig. [6.4 The Zrl device’s charging time is fast enough (48.8ps) to become
almost completely charged during the application of a pulse and to become almost completely
discharged during the time between two pulses. A separation between the electrical charging

time and the heating time down to 50 ps is, consequently, possible with the Zrl device.
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Figure 6.4.: Exemplary pulse pattern (Vsignai(t), blue) to realize STP and LTP in VCM devices and
the calculated effective voltage at the VCM device (Vpur(t), orange).

STP and LTP were already demonstrated in VCM [215,216] and ECM devices [213,
217-219|, however, in most cases on a slow timescale of milliseconds or seconds. To the
author’s knowledge, the fastest realizations in VCM and ECM devices were on a timescale
of 200ns [216] and 10us [219], respectively. The fastest realization of STP and LTP was
demonstrated by Sengupta et al. on a 2.5ns timescale with a magnetic tunnel junction [220].
A similar technique to STP and LTP is spike-timing-dependent plasticity (STDP), which
were realized on VCM [221] and ECM devices [222}223] on a microsecond timescale. Only
for tunneling junction based devices, STDP was realized within 600 ps [39].

Measurements on the STP and LTP of VCM devices could also be realized by using the
device’s capacitance. For example, for VCM devices with heating times faster than 50 ps.
Two possible measurements are shown in fig. . In (a), an imaginary pulse sequence of
50 ps pulses with an amplitude of 1.0 V and a pulse separation of 50 ps is shown. It represents
a frequent input and is identical to the one shown in fig. [6.4] except this time, the effective
voltage at the device Vpur(t) (orange) is calculated for the Tal device instead of for the
Zr1 device. The Tal device has the largest capacitance and, consequently, also the longest
electrical charging time, which amounts to 2.54ns (see table [3.4). The effective voltage
at the device Vpuyr(t), therefore, increases gradually with each applied pulse. An assumed
threshold, for the information to be written, at 1.2V (dotted line) would be reached after
2.1 ns and the information would be stored permanently. In (b), an imaginary pulse sequence
of 50 ps pulses with an amplitude of 1.0 V, but a pulse separation of 500 ps is shown (in blue)
and represents a less-frequent input. The calculated Vpyr(t) never reaches the assumed

threshold at 1.2V, and the information would, consequently, be forgotten.
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Figure 6.5.: Exemplary pulse sequences (blue) to realize STP and LTP with the Tal device. The
orange line marks the calculated voltage at the device Vpur(t). (a) Represents a
frequent input and the pulses are separated by 50 ps. The horizontal dotted line at
1.2V marks an imaginary threshold for the information to be written. (b) Represents
a less-frequent input and the pulses are separated by 500 ps.

There would be several advantages in comparison to the previous studies on STP and LTP

(see above):

1. The considered timescale is much shorter than the ones of the previous studies. To
the author’s knowledge, the fastest STP and LTP measurements were conducted with

a pulse separation of 2.5 ns [220].

2. The short pulse widths of only 50 ps would make the product P(t) x dt small and,

consequently, also reduce the energy consumption.

3. Using the device’s capacitance to realize STP and LTP yields a high repeatability as

no or only little ionic migration occurs during the charging of the device’s capacitance.

6.2.2. RF switch

A disadvantage of the used CPW structures is their size, which makes applications with them
difficult to realize and expensive. A potential technical realization could be an RF switch
[224]. The use of ReRAM and PCM devices as RF switch was already demonstrated in [225]
and [226], respectively. In the HRS, the RF switch is in the off state and signals cannot be
transmitted through the VCM device. In the LRS, on the other hand, the RF switch is in the
on state and signals can transmit through the VCM device. Two features of VCM devices,

however, need to be addressed for their realization as RF switch [227]:

1. For the transmission of low frequencies, the device’s resistance in the LRS needs to
be very low. In this thesis, the LRS was usually in the range from 1.0k} to 3.0 k{2,

which would hinder the transmission of low frequencies. The Tal device yielded also
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LRS values around 200 2 [37], which would probably still be too high for a realization
as RF switch. Therefore, RF switches have, so far, mainly been built with ECM
devices [228-230]. With the unipolar switching mode, however, also a LRS in the
range of only a few ohms are possible with VCM devices |[170]. This LRS has also
metallic attributes [91]. As the fast pulses used in this thesis are much faster than any
commercial active current compliance, the unipolar switching mode could be improved

with regard to the endurance and thereby help to achieve very low LRSs.

2. In the HRS, the VCM device needs to block also high frequencies. This is, however,
difficult as the VCM device itself constitutes a parallel plate capacitor, which has a
low reactance for high frequencies. This can be illustrated with fig. [3.6b] The Ta3 and
Zr1 device have the lowest capacitance, but nevertheless their forward transmission Sa;
increases with frequency and reaches at about 10 GHz the bandwidth limit of the CPW
structure. The RF switch would in this case only be isolating in the off-state (HRS)
up to a frequency of 10 GHz. The realization of an RF switch with VCM devices,
consequently, requires VCM devices with low capacitances. Ideally, lateral devices
should be used, as it is done for RF switches using PCM devices [226].

6.3. Other memory technologies

The measurement setup used for this thesis can also be used to test the switching kinetics of
other memory technologies than VCM. In the following, exemplary measurements on ECM,
PCM and FeRAM devices are shown. All devices were integrated into a CPW structure and

the current responses were measured with the Tektronix DPO77704D oscilloscope.

6.3.1. Electrochemical metallization memory

Firstly, an exemplary measurement of an ECM device (Cu\SiO2\Pt) is shown, which was
also published in the supplementary information of [219]. A 10ns pulseE] with an amplitude
of 2Vp = 4.0V was applied to the active Cu electrode and is shown in blue in fig. [6.6
The recorded current response is shown in red. After about 1.4ns a sudden increase in the
current could be observed, which corresponds to the SET event [231]. Simulations of the ion

migration in ECM devices even suggest switching times down to 50 ps [232].

6.3.2. Phase change memory

Additionally, the RESET time of a PCM device was tested. It is a lateral device, which was
fabricated by X. T. Vu. It consists of a 100 nm long and 125 nm wide AgInSbTe layer with
a thickness of 25 nm. At its sides, it is contacted with 40 nm thick Pt electrodes. A 50 ps

!Generated with the PSPL 2600C pulse generator.
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Figure 6.6.: 10ns voltage pulse with an effective amplitude of 4.0V (blue) applied to a Cu\SiO2\Pt
ECM device. Its current response is shown in red. After about 1.4ns, the current
increases abruptly, which indicates the SET event. Adapted from (Supplementary
information).

pulseEl with an amplitude of 2Vp = 10.0V was applied to this device. The measured current
response is shown in fig. [6.71 The measured FWHM amounts to 49.5ps. The resistance
was recorded before (Rprg) and after (Rpogr) the pulse’s application with a Keithley 2634B
SMU. The resistance increased from 4.55 k€2 to 1.25 M€, which proves the successful RESET
within 50 ps.
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Figure 6.7.: Current response of a AgInSbTe-based PCM device to a 50 ps pulse with an ampli-
tude of 2Vp = 10.0 V. On the upper right, the change in resistance during the pulse’s
application is indicated.

To the author’s knowledge this is the fastest electrically measured RESET time on a
PCM device. The fastest measured RESET time so far amounts to 200 ps [60].

6.3.3. Ferroelectric switching

Finally, the switching time of a ferroelectric Pt\Y:HfO,(45nm)\Pt capacitor with a size of
4 x 5um? was tested, which can potentially be used in FeRAM [233]. Two consecutive 10 ns

2Generated with the PG5 pulse generator.
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pulseﬂ with an amplitude of 2Vp = 15.4V were applied to the devices, after it was polarized
with a 10ns voltage pulse with the opposite polarity of 2Vp = —15.4V. The resulting two
current responses are shown in fig. During the first pulse (blue) the current peak at the
beginning of the pulse was significantly larger than the peak at the end of the pulse, which
indicates that the measured current does not only correspond to the capacitive current, but
also to the polarization switching current. This is confirmed in the current response of the
consecutive pulse (orange), in which the current peak at the beginning is significantly smaller

than the peak at the beginning of the first pulse.
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Figure 6.8.: Current responses of two consecutive 10 ns pulses with an amplitude of 2Vp = —15.4V

applied to a 4 x 5um? Pt\Y:HfO,\Pt capacitor. The current peak at the beginning of
the first pulse (blue) is significantly larger than the current peak at the beginning of
the second pulse (orange), which indicates the occurring of the device’s repolarization.
The measurement was conducted in cooperation with F. Berg.

This measurement shows that it is possible to repolarize (or switch) ferroelectric capacitors
within less than 10ns. By further decreasing the pulse width or using other pulse generators,
even faster switching times may be observable. To the author’s knowledge, the fastest
reported switching time of FeRAM devices amounts to 925 ps, and was measured on HfO,-
based devices [234].

3Generated by the PSPL 2600C pulse generator.






Conclusion

In this thesis, the SET and RESET kinetics of VCM-based devices were studied on a
timescale between 50ps and 100ns. Firstly, the RF setup was automated by employing
a programmable pulse generator and a broadband bias tee. For this purpose, this pulse
generator and an oscilloscope were integrated in a python-based software, which allowed
automated measurements in the time regime from 50 ps to 250 ps. With this automation
comprehensive data sets could be collected, which lead to a picosecond precise determi-
nation of the SET and RESET times. In addition, the evaluation of the data could be
conducted in an automated fashion.

To minimize the electrical charging time of VCM devices, an improved optical mask was
designed. Shortening the overall length of the CPW structure and the length of the narrowed
area increased the CPW structure’s bandwidth. Also, the device size was reduced signif-
icantly, which decreased the devices’ capacitances and, consequently, also their electrical
charging times by more than one order of magnitude.

This electrical charging time was determined with the devices’ scattering parameters,
which were measured up to a frequency of 40 GHz. Multiplying the Fourier transform of
the applied pulse with the forward reflection and finally inversely Fourier transforming this
product yields the reflected signal. The transmitted signal was calculated by using the
forward transmission instead of the forward reflection and matches the measured transmitted
signal well, confirming the validity of this approach. By superimposing the incoming signal
with the calculated reflected signal and subtracting the transmitted signal, the effective
voltage at the VCM device could be determined. The advantage of this approach is that the
frequency dependency of all components (capacitances, inductances and serial resistances)
is considered and no circuit-based modelling is necessary.

From this calculated voltage at the VCM device, the electrical charging time could be
determined. It could be shown that the devices’ electrical charging times scale significantly
with the device size. By comparing devices fabricated with the improved mask to devices
fabricated with a preliminary mask, a significant improvement could be seen. The fastest
device fabricated with the preliminary mask has an electrical charging time of 636 ps and
the fastest device fabricated with the improved mask an electrical charging time of 48.8 ps.
This constitutes an improvement by more than one order of magnitude.

The SET and RESET kinetics were measured on TaO-, ZrOy-, and HfO, /TiO-based
VCM devices. The SET kinetics of these three devices could be measured down to 50 ps.
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By comparing the SET kinetics of three differently sized TaOy-based devices, it could be
shown that in the sub-10ns regime the SET time is strongly influenced by the device sizes
or their capacitances. By fitting an exponential function to the SET kinetics in the time
regime above 10 ns, in which the SET kinetics are mainly limited by the migration of mobile
donors (e.g. oxygen vacancies), and using the devices’ calculated electrical charging times,
it could be shown that the SET kinetics in the sub-10ns regime are mainly limited by the
electrical charging time. These results suggest that the migration of mobile donors and the

heating of the filament occur on a faster timescale than 50 ps.

The measurement of the RESET kinetics proved to be more difficult in the subnanosecond
regime. The RESET times also depend nonlinearly on the applied voltage in this regime
and, consequently, faster RESET times require higher voltages. However, above a certain
voltage, in all devices a unipolar SET occurs, which prohibits faster RESET times and con-
stitutes an intrinsic RESET speed limit. With these measurements, a RESET programming
window could be determined for TaO,- and ZrOy-based devices, which is similar to the SET
programming window of PCM devices. Nevertheless, RESET times down to 50 ps could
be achieved for some TaOy-, ZrOy-, and HfO,/TiO-based VCM devices, but with low re-
peatability. In case of the TaO4- and ZrOy-based devices, an additional C layer had to be
introduced at the active Pt electrode. Only some of the HfO, /TiOx-based devices could be
switched repeatedly to the HRS within 50 ps.

Overcoming the intrinsic RESET speed limit requires an in-depth understanding of the
unipolar switching mode. For this purpose, the unipolar SET voltage was determined for all
samples, showing that the HfO,/TiOx-based devices have the highest unipolar SET voltage.
Only with these devices, repeatedly 50 ps fast RESET times are accessible. Therefore, the
feasibility of fast RESET operations may depend on the unipolar SET voltage. For all
tested devices, the unipolar SET voltage has a large device-to-device variability. In future,
the statistics on the unipolar SET voltage will, consequently, be measured with array testers.

Finally, suggestions for other future measurements are given in the outlook. The RESET
kinetics in the range from 250 ps to 490 ps could be measured with a new pulse generator.
This would allow a more precise determination of the intrinsic RESET speed limit. Realizing
neuromorphic applications on a subnanosecond timescale, such as an analogous switching
mode or STP and LTP, should also be possible. First measurements on the switching kinetics
of ECM, PCM, and FeRAM were conducted with the presented setup on a sub-10ns time
scale.

Today’s CMOS devices are operated at gigahertz frequencies by generating the required
signals on-chip. Fabricating similar fast on-chip pulse generators is difficult for scientific
groups, but with the presented setup, failure mechanisms for fast writing times can also be
found in the gigahertz regime. In the case of this thesis, one failure mechanism in the RESET
kinetics of VCM devices could be identified as the unipolar switching mode. Suggestions on

how the unipolar switching mode could be suppressed are given in this thesis and repeatedly
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50 ps fast SET and RESET operations are shown for HfO,/TiO4-based devices. To the
author’s knowledge, this has not yet been demonstrated in any other study. With the
presented setup it is, therefore, not only possible to detect technological barriers for fast

writing times in advance, but it also helps to provide solutions to overcome these barriers.






Acronyms

AC

AE

BE

CC
CMOS
CPU
CPW
DC
DRAM
DUT
ECM
FeRAM
FEM
FWHM
GPIB
HDD
HRS
LRS
LTM
LTP
MOS
oC
PCM
ReRAM
RF

SM
SMU
SOLT
SSD
STM
STP

Alternating current

Active electrode

Bottom electrode

Current compliance

Complementary metal-oxide-semiconductor
Central processing unit

Coplanar waveguide

Direct current

Dynamic random access memory
Device under test

Electrochemical metallization memory
Ferroelectric random access memory
Finite element model

Full width half maximum

General purpose interface bus

Hard drive disk

High resistive state

Low resistive state

Long term memory

Long term potentiation
Metal-oxide-semiconductor

Outer conductor

Phase change memory

Redox-based random access memory
Radio frequency

Sensory memory

Source measure unit

Short open load trough

Solid state drive

Short term memory

Short term plasticity
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STDP Spike-timing-dependent plasticity

STTRAM Spin-transfer-torque random access memory

TCM Thermochemical memory

TE Top electrode

TEM Transversal electromagnetic mode
USB Universal serial bus

VCM Valence change memory

VNA Vector network analyzer
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Appendix

A. Fabrication protocols

On the following pages, the protocols describing the fabrication procedure of the Tal, Ta2,
HfAx, and HfBx devices (see tab. can be found. The Tal and Ta2 device’s protocol
has been written by Alfred Steffen and the one of the HfAx and HfBx device by Alexander

Hardtdegen.
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Protokoll: 10a

A.Steffen 13.10.2014

Von:

Fir:

Lithographie:

Probenname:
Proben:

Reinigung:

Belackung:

Trocknen:

Belichten:

Maske:

Entwickeln:

Stoppen:
Atzen BE:

Entfernung Resist:

Entfernung ,,fences*:

A.Steffen

Victor Havel (IWE-II) Tel.: 0241-802-7829, Dr. Vikas Rana (PGI-7)

Bottom Electrode

Positivprozess mit AZ 6632-1.2

#014. BE-Test
1“x 1 Siliziumwafer, oxidiert ~ 450nm, 5 nm Ti u. 30 nm Pt gesputtert

Entfernung Schutzlack (Sége):

Aceton (Ultraschall: Zeit 5 min, Power Stufe 1)
Propanol (Ultraschall: Zeit 5 min, Power Stufe 1)
Plasma 300W, 10 min, Sauerstoff (Tepla 300)

Resist AZ 6632-1.2

0,5 ml Resist mittels Eppendorf-Pipette

Spinner: Prog. C-RCP-4 (4000 U/min, mit Vorbeschleunigung zur
Lackverteilung)

5 min, 90 °C, Heizplatte vorne links (Einstellwert 85°C)
Maskaligner Siiss MA 6

Constant Power Mode 350 W, (Intensity ~10 mW/cm?)
Vacuum Contact Mode

Exposure time 25 sec

CPW-V01-20130710 L1 (Bottom Electrode)

120 sec in AZ 326 MIF bei Raumtemperatur
kréftig bewegen!

5 min in Reinstwasser
IBE (René B.)
Plasma 600W, 30 min, Sauerstoff (Tepla 300)

mittels SWAP unter Propanol abreiben



Lithographie:

Beschichtung Oxid:

Belackung:

Trocknen:
Rehydrierung:

Belichten:

Maske:

Entwickeln:

Stoppen:

RIBE Atzen:

Entfernung Lack:

Oxid

5 nm TaOx von IWE RWTH-Aachen

Resist AZ 5214E

0,5 ml Resist mittels Eppendorf-Pipette

Spinner: Prog. C-RCP-4 (4000 U/min, mit Vorbeschleunigung zur
Lackverteilung)

5 min, 90 °C, Heizplatte vorne links (Einstellwert 85°C)
mind. 1 Stunde

Maskaligner Siiss MA 6

Constant Power Mode 350 W, (Intensity ~10 mW/cm?)
Vacuum Contact Mode

Exposure time 25 sec

CPW-V01-20130710_L1 (Oxid)

120 sec in AZ 326 MIF bei Raumtemperatur
kriftig bewegen!

5 min in Reinstwasser

von TaOx (R. Borowski)
CFs@0° t: 1 min

nach IBE Atzung

DMSO 90°C, 1 h

iiber Nacht in DMSO legen

5 min mit DI spiilen

Plasma 600W, 30 min, Sauerstoff (Tepla 300)



Lithographie:
Prozess:

Probenname:

Belackung:

Trocknen:

Rehydrierung:

Maske:

Belichten:

Umkehrbacken:

Rehydrierung:

Flutbelichtung:

Entwickeln:
Stoppen:

Trocknen:

Top Electrode
Lift-Off Prozess Umkehrprozess mit AZ 5214E

# 014-CPW-RF-Test

Resist AZ 5214E

0,5 ml Resist mittels Eppendorf-Pipette

Spinner: Prog. C-RCP-4 (4000 U/min, mit Vorbeschleunigung zur
Lackverteilung)

5 min, 90 °C, Heizplatte vorne links (Einstellwert 85°C)

mind. 1 Stunde

CPW-V01-20130710 L1 (TE)

Maskaligner Siiss MA 6

Constant Power Mode 350 W, (Intensity ~10 mW/cm?)
Vacuum Contact Mode

Exposure time 10 sec

60 sec, 120 °C, Heizplatte, 3 min abkiihlen
mind.1 Stunde

Maskaligner Stiss MA/BA 6

Constant Power Mode 350 W

LAMP TEST MODE

Exposure Time 60 sec

90 sec in AZ 326 MIF

5 min in Reinstwasser

mit Stickstoff abblasen

Metallisierung Top Electrode

Deposition:

Lift-Off:

Elektronenstrahlverdampfung
30 nm Titan (2 A/s)
100 nm Platin (3 A/s)

60 min in Technistrip Micro D350 (DMSO) bei 90°C
und tiber Nacht in Technistrip Micro D350 (DMSO) stehen lassen

min. 5 min in Reinstwasser



Probe: CPW_HOTO_1

Goals: CPW-Microstructures for ps-pulse measurements by M. von Witzleben, 1" x 1"

Layer stack:

MASK: CPW Small v1.3 2018

5nmTi/25nmPt/3 nmHf02/3 nmTiO2 /10 nmTi/ 20 nm Pt

Nr. Process step Parameters Comment/Operator Date
1 Cleaning: 2x Aceton (AC) 5 min; US intensity 1 Alexander Hardtdegen 17.04.19
thermal oxidized Si Isoprpanol (IP) 5 min; US intensity 1
substrate drying with nitrogen gas pistole
02 plasma 30 min 600 W
2 BE metal sputtering 5 nm Ti, 25 nm Pt @ UVEX Tool René Borowski 17.04.19
3 Belackung BE Litho Resist: AZ 5214E Stephan Aussen, Alexander Hardtdegen 30.04.19
Spinner: C-RCP-4 (4000 U/min)
Trocken: Heizplatte unten links, 5 min @ 90°C
4 Belichtung BE Litho Maskaligner Suiss MA 6 Stephan Aussen, Alexander Hardtdegen 30.04.19
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 25 s (intensity: 2.2 mW/cm?)
MASK: CPW Small B (Ganz rechts)
5 Development BE Litho |AZ 326 MIF @ RT; 70 sec (kraftig bewegen)! Stephan Aussen, Alexander Hardtdegen 30.04.19
stopped in water (overflow rinse)
drying with nitrogen gas pistole
6 Control BE Litho NIKON Microscope Stephan Aussen, Alexander Hardtdegen 30.04.19
7 RIBE Ar@-10°:120s Stephan Aussen 02.05.19
Etching for BE Ar@-50°:30 s (Fence reduction)
Ar @0°: 86 s; Pt etching
8 Resist Removal BE DMSO @ 80 °C 3h, Wasser abspiilen Stephan Aussen 03.05.19
Litho Aceton Swab 2 min
Isoprop. Spilen 5 min
Kontrolle im NIKON
9 ALD Oxide Deposition |3 nm HfO2 Plasma @ 300 °C Run No. 1348 Alexander Hardtdegen 09.05.19;
3 nm TiO2 Thermal @ 300 °C Run No. 1349
FlexAL @ Nanocluster
10 Belackung Oxidatzung |[Resist: AZ 5214E Alexander Hardtdegen / Stephan AuRen 14.05.19
Spinner: C-RCP-4 (4000 U/min)
Trocknen: Heizplatte unten links, 5 min @ 90°C
11 Belichtung Oxidatzung |Maskaligner Siiss MA 6 Alexander Hardtdegen / Stephan AuRen 14.05.19
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 25s (intensity: 2.2 mW/cm?)
MASK: CPW Small Ox (Mitte)
12 Development Oxid4tzun/AZ 326 MIF @ RT; 70 sec (kréftig bewegen)! Alexander Hardtdegen / Stephan AuRen 14.05.2019:
stopped in water (overflow rinse)
drying with nitrogen gas pistole
13 RIBE Oxidatzung Stephan AuBen 15.05.2019
14 Resist Removal DMSO @ 80 °C 3h, Wasser abspiilen Stephan AuBen 15.05.2019
Oxidatzung Aceton Swab 2 min
Isoprop. Spilen 5 min
Kontrolle im NIKON
15 Belackung TE Liftoff Resist: AZ 5214E Alexander Hardtdegen 22.05.2019:
Spinner: C-RCP-4 (4000 U/min)
Trocken: Heizplatte unten links, 5 min @ 90°C
16 Belichtung TE Liftoff Maskaligner Suss MA 6 Alexander Hardtdegen 22.05.2019
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 10 s (intensity: 2.2 mW/cm?)
MASK: CPW Small B (Ganz rechts)
17 Umkehrbacken 60 s @ 120 °C (vorne rechts) Alexander Hardtdegen 22.05.2019:
18 Flutbelichtung 60s, MA/BA 60 (360W), Lamp test mode Alexander Hardtdegen 22.05.2019
19 Development TE Liftoff |AZ 326 MIF @ RT; 90 sec (kriftig bewegen)! Alexander Hardtdegen 22.05.2019:
stopped in water (overflow rinse)
drying with nitrogen gas pistole
20  |TE Evaporation 10 nm Ti + 20 nm Pt René Borowski 22.05.2019
21 Lifoff Aceton US Bad St. 5. 22.05.2019:
Trocknen mit N2
22 Kontrolle NIKON 22.05.2019:




Probe: CPW_HOTO_1

Goals: CPW-Microstructures for ps-pulse measurements by M. von Witzleben, 1" x 1"

Layer stack:

MASK: CPW Small v1.3 2018

5nmTa/25nmPt/3nmHfO2/3nmTiO2/10 nmTi/ 20 nm Pt

Nr. Process step Parameters Comment/Operator Date
1 Cleaning: 2x Aceton (AC) 5 min; US intensity 1 Alexander Hardtdegen 10.07.19
thermal oxidized Si Isoprpanol (IP) 5 min; US intensity 1
substrate drying with nitrogen gas pistole
02 plasma 30 min 600 W
2 BE metal sputtering 5nm Ta, 25 nm Pt @ M6 NC Stephan Aussen 11.07.19
3 Belackung BE Litho Resist: AZ 5214E Alexander Hardtdegen 15.07.19
Spinner: C-RCP-4 (4000 U/min)
Trocken: Heizplatte unten links, 5 min @ 90°C
4 Belichtung BE Litho Maskaligner Suiss MA 6 Alexander Hardtdegen 15.07.19
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 25 s (intensity: 2.2 mW/cm?)
MASK: CPW Small B (Ganz rechts)
5 Development BE Litho |AZ 326 MIF @ RT; 90 sec (kraftig bewegen)! Alexander Hardtdegen 15.07.19
stopped in water (overflow rinse)
drying with nitrogen gas pistole
6 Control BE Litho NIKON Microscope Alexander Hardtdegen 15.07.19
7 RIBE Ar@-10°:120 s René Borowski 15.07.19
Etching for BE Ar@-50°:30 s (Fence reduction)
Ar @0°: 86 s; Pt etching
8 Resist Removal BE DMSO @ 80 °C 2h, Wasser abspiilen Alexander Hardtdegen 15.07.19
Litho Aceton Swab 2 min
Isoprop. Spilen 5 min
Kontrolle im NIKON
9 ALD Oxide Deposition |3 nm HfO2 Plasma @ 300 °C Run No. 1348 2.7 nm (XRR, 18.7.19, FC + StA) Alexander Hardtdegen 17.07.19
3 nm TiO2 Thermal @ 300 °C Run No. 1349 3.4 nm (XRR, 18.7.19, FC+StA)
FlexAL @ Nanocluster, Run 1485+1485
10 Belackung Oxidatzung |[Resist: AZ 5214E Alexander Hardtdegen / Stephan AuRen 17.07.19
Spinner: C-RCP-4 (4000 U/min)
Trocknen: Heizplatte unten links, 5 min @ 90°C
11 Belichtung Oxidatzung |Maskaligner Siiss MA 6 Alexander Hardtdegen / Stephan AuRen 17.07.19
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 25s (intensity: 2.2 mW/cm?)
MASK: CPW Small Ox (Mitte)
12 Development Oxid4tzun/AZ 326 MIF @ RT; 70 sec (kréftig bewegen)! Alexander Hardtdegen / Stephan AuRen 17.07.2019:
stopped in water (overflow rinse)
drying with nitrogen gas pistole
13 RIBE Oxidatzung René Borowski 17.07.2019
14 Resist Removal DMSO @ 80 °C 2h, Wasser abspiilen Stephan AuBen 18.07.2019
Oxidatzung Aceton Swab 2 min
Isoprop. Spilen 5 min
Kontrolle im NIKON
15 Belackung TE Liftoff Resist: AZ 5214E Alexander Hardtdegen 18.07.2019:
Spinner: C-RCP-4 (4000 U/min)
Trocken: Heizplatte unten links, 5 min @ 90°C
16 Belichtung TE Liftoff Maskaligner Suss MA 6 Alexander Hardtdegen 18.07.2019
Constant Power Mode, 350 W
Vacuum Contact Mode
Exposure Time: 10 s (intensity: 2.2 mW/cm?)
MASK: CPW Small B (Ganz rechts)
17 Umkehrbacken 60 s @ 120 °C (vorne rechts) Alexander Hardtdegen 18.07.2019:
18 Flutbelichtung 60s, MA/BA 60 (360W), Lamp test mode Alexander Hardtdegen 18.07.2019
19 Development TE Liftoff |AZ 326 MIF @ RT; 90 sec (kriftig bewegen)! Alexander Hardtdegen 18.07.2019:
stopped in water (overflow rinse)
drying with nitrogen gas pistole
20  |TE Evaporation 10 nm Ti + 20 nm Pt René Borowski 18.07.2019
21 Lifoff Aceton US Bad St. 5. 22.07.2019:
Trocknen mit N2
22 Kontrolle NIKON Alexander Hardtdegen: Good alignment row 1-8, bad > 9 22.07.2019:
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B. LRS values of the SET kinetics

In this section, the distributions of the LRS values are shown, which were measured during
the automated SET kinetic measurements in chapter 4.2 in which usually the distribution
of the ratio Firs/Rygs was shown instead. The ratio Brrs/ryrs does not yield any information

on the absolute LRS values, which are, therefore, shown on the following pages.
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Figure B.1.: SET kinetics of the Zrl device (see table representing the LRS values. The data
set is identical to the one from fig. The green shaded areas in (b) and (c) mark the
transition time (80 %-20 %). The red bar in the boxplot marks the median. Reprinted
from [38], with the permission of AIP Publishing.
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Figure B.2.: SET kinetics of the HfA2 device (see table representing the LRS values. The data
set is identical to the one from fig. The green shaded areas in (b) and (c) mark
the transition time (80 %-20 %). The red bar in the boxplot marks the median.
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Figure B.3.: SET kinetics of the HfB1 device (see table representing the LRS values. The data
set is identical to the one from fig. The green shaded areas in (b) and (c¢) mark
the transition time (80 %-20%). The red bar in the boxplot marks the median.
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C. POST values of the RESET kinetics

In this section, the distributions of the POST resistance Rpost values are shown, which
were measured during the automated RESET kinetic measurements in chapter [5| in which
the distribution of the ratio firost/rpry was shown instead. The PRE resistance value Rprg
was read before the application of the pulse and the POST resistance value Rpost after
its application. The ratio Brost/Rpr does not yield any information on the absolute POST

resistance values, which are, therefore, shown on the following pages.
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Figure C.1.: Regular RESET kinetics of the Ta3 device (see table , representing the POST
resistance values Rpogt. The data set is identical to the one from fig. The red
bar in the boxplot marks the median.
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Figure C.2.: Regular RESET kinetics of the Zrl device (see table , representing the POST
resistance values RposT. The data set is identical to the one from fig. The red
bar in the boxplot marks the median.
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Figure C.3.: POST resistance values Rpogt of the Ta3 device’s (see table unipolar SET kinetics,
during which positive voltage pulses were applied to the Pt bottom electrode. The
data set is identical to the one from fig. [5.9 The green shaded areas in (a) and (b)
mark the transition time (80 %-20 %). The red bar in the boxplot marks the median.
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Figure C.4.: POST resistance values Rpogt of the Zrl device’s (see table unipolar SET kinetics,
during which positive voltage pulses were applied to the Pt bottom electrode. The
data set is identical to the one from fig. The green shaded areas in (b) and (c)
mark the transition time (80 %-20 %). The red bar in the boxplot marks the median.
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(c) HfA1 device, Vp = 1.6 V.
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(d) HfA1 device, Vp = 1.1 V.

Figure C.5.: RESET kinetics of the HfA1 device (see table , representing the POST resistance
values Rpost. The data set is identical to the one from fig. The red bar in the
boxplot marks the median.
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(a) HfB3 device, Vp =5.0V.
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(e) HfB3 device, Vp = 1.6 V.

Figure C.7.: RESET kinetics of the HfB3 device (see table , representing the POST resistance
values RposT. The data set is identical to the one from fig. The red bar in the
boxplot marks the median.
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